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ABSTRACT
The Indian summer monsoon is a complex, nonlinear phenomenon involving
atmospheric, oceanic, and land-based interactions from June through September. During
this period, a strong low-level jet known as the Findlater Jet develops over the western
Arabian Sea, advecting seasonally high quantities of warm, moist air to the Indian
subcontinent, leading to the largest precipitation rates on the planet. The winds associated
with the Findlater Jet seasonally strengthen the Arabian Sea eddy field, known for its
intensity and variability. Comparison between the eddies in the western Arabian Sea
during monsoon regimes of varying intensities revealed more high-amplitude eddies in
strong (high-rainfall) monsoon conditions as well as more extreme coastal upwelling.
Development and application of an eddy tracking algorithm has revealed new
insights into the evolution, characteristics, and dissipation of eddies in the Arabian Sea
using sea level anomalies. Through its application, this research finds that the highest
number of identified eddies are along the coast of the Arabian Peninsula, but the most
robust eddies are confined to the Somali Current region. This work explores whether the
observed eddies are surface- or subsurface-intensified based on their salinity and
temperature characteristics, finding a notable dominance of surface-intensified eddies.
The eddy intensification type was clearly identified in this region, as surface-intensified
eddies are characterized by warm, fresh cores in anticyclonic eddies and cool, saline
cores in cyclonic eddies.

v

To better understand the role of mesoscale and sub-mesoscale features on the
variability of mixed layer depth in the Arabian Sea, eddies and fronts were identified and
investigated during strong and weak monsoon conditions. We found through the
application of an eddy tracking algorithm, a spatial and temporal analysis of a variety of
factors that impact mixed layer depth variability, and a heat budget analysis that there is
an overall dominance of larger (smaller) features in strong (weak) monsoon conditions.
To better understand how water masses change on longer temporal scales, a decadal
analysis was conducted on the salt and volume transports throughout the Indian Ocean,
finding that the strongest salinity variability was due to Indian Ocean Dipole and El
Niño-Southern Oscillation (ENSO) events.
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CHAPTER 1
INTRODUCTION
1.1 MONSOONAL CIRCULATION AND RAINFALL
Surface circulation in the northern Indian Ocean is seasonally dynamic and highly
unique. Geographically, the northern Indian Ocean is divided into two basins (the
Arabian Sea and the Bay of Bengal) of approximately the same size, located within
approximately the same latitudinal band (Figure 1.1). The seasonal differential heating
between the land mass to the north and the ocean to the south leads to the seasonally
reversing monsoons which affects each basin similarly, except for the presence of the east
African highlands bounding the western Indian Ocean. Dynamically the presence of these
highlands leads to the establishment of an atmospheric "western-boundary" current
(Anderson, 1976), the low-level Findlater Jet (Findlater, 1969; Figure 1.1c). In a broad
sense, the circulation in the Arabian Sea is cyclonic (counterclockwise) during the
northeast monsoon and anticyclonic (clockwise) during the southwest monsoon, when
surface currents exhibit significant mesoscale variability. This significance of the flow
reversal is twofold: not only does the advection shift result in a changing dynamic
landscape with respect to sea level anomalies, but also leads to exchanging waters
between the high-salinity water mass of the Arabian Sea and the relatively fresher waters
from the Bay of Bengal (Figure 1.2). The high-intensity low level winds associate with
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the Findlater Jet advect heat, moisture, and momentum over the Indian subcontinent,
leading to the highest global precipitation rates.
Though the Indian Summer Monsoon is a seasonal feature, it experiences notable
year-to-year variability. Years with Indian rainfall rates from June through September
that exceed 10% of the long-term seasonal mean (measured from 1870 to 1990) are
defined by the Indian Institute of Tropical Meteorology (IITM, India), as strong monsoon
seasons. Likewise, those years with seasonal rainfall totals less than -10% of the longterm seasonal mean are defined as weak monsoon seasons. This research explores the
response of the circulation of the Arabian Sea and its mesoscale eddies under all
monsoon conditions.
1.2 ARABIAN SEA EDDIES
The ocean is full of highly energetic quasi-circular features having typical radii of
10-100 km known as mesoscale eddies, which are the key transporters of global heat and
ocean characteristics (like salinity and biodiversity) and are best observed by using
satellite observations of fluctuations in sea level anomalies. In the Arabian Sea, the most
robust and energetic eddies are found in the Somali Current region during the summer
monsoon season from June through September, as they are associated with stronger
surface currents (Figure 1.1a) and intense low-level wind forcing (Figure 1.1c).
In the summer monsoon, the basin-wide anticyclonic Arabian Sea circulation
results in a northward Somali Current (SC) off the Somali coast. Along this current, the
three most significant anticyclonic features are the Socotra Eddy (SE), the Great Whirl
(GW), and the Southern Gyre (SG) (Beal and Donohue, 2013; Schott and McCreary,
2001; Trott et al., 2017). A subject of heavy study on the generation mechanisms of the
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GW and SE are the annual Rossby waves that propagate from the west coast of India in
January to the Somali coast in June. Lighthill (1969) first studied Arabian Sea Rossby
waves as an eddy formation mechanism, expounded on by Anderson and Rowlands
(1976), who found that the Rossby waves are more influential on eddy formation at the
later stages of the southwest (SW) monsoon and the surface circulation is primarily
driven by wind forcings at the start of summertime.
This dissertation work explores the variability and characteristics of Arabian Sea
eddies using remote sensing data, reanalysis products, and model simulations to an extent
never before investigated. In the second chapter, the eddy field in the western Arabian
Sea is compared during strong, weak, and normal monsoon conditions, finding a higher
number of high-amplitude (>20 cm) eddies along the outflow region of the Somali
Current during strong monsoon conditions. This chapter applied remotely sensed sea
level anomalies, sea surface temperature, and winds and two reanalysis products: the
Simple Ocean Data Assimilation (SODA) and the Ocean Reanalysis System 4 (ORAS4).
Additionally, increased upwelling and anomalous freshening of the Arabian Sea are noted
in the strong monsoon seasons due to a stronger Findlater Jet and stronger Somali
Current, respectively. This phenomenon is consistent throughout multiple events, as seen
when comparing the weak and normal monsoons of 2015 and 2016, respectively (Figure
1.3). The upwelling signatures of major eddies like the GW can be clearly seen in
satellite-derived sea surface temperatures (SSTs).
The third chapter of this work expounds upon the work of the first by identifying
and characterizing all eddies in the Arabian Sea detected by altimetric observations from
1993-2014 using a novel eddy tracking technique that has been shown to detect fewer
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false eddies than previously applied algorithms and benefits from the lack of thresholding
criteria. This algorithm detects local minimums and maximums in altimetric-derived sea
level anomaly observations and applies a cost function to track its propagation via the
most statistically similar identified eddy based on its radius, amplitude, and eddy kinetic
energy. It was determined that though more eddies develop along the coast of the Arabian
Peninsula (which in later chapters is found to be due to increased sub-mesoscale activity),
eddies with the largest radii and amplitudes are found along the Somali Current region.
This research traces the location where the Great Whirl develops and propagates for each
year from 1993 to 2014 and shows significant variability in terms of generation,
propagation, and dissipation.
While the dynamic characteristics of eddies were quantified and analyzed in
Chapter 3, Chapter 4 also notes the thermohaline characteristics of these eddies at the
ocean’s surface and throughout the mixed layer using Argo floats, Advanced Very High
Resolution Radiometer (AVHRR) sea surface temperature, and Soil Moisture Active
Passive (SMAP) sea surface salinity, finding interesting results regarding the generation
mechanisms of anticyclonic and cyclonic eddies in the Arabian Sea. The temperature and
salinity characteristics of each identified eddy reveals a strong dominance of surfaceintensified eddies over subsurface-intensified eddies in the Arabian Sea for both
circulation types. These eddies are characterized by cool, saline cores in cyclonic eddies
and warm, saline cores in anticyclonic eddies and their vertical structure has a potential
vorticity maximum at the surface rather than the subsurface.
In the Arabian Sea, the mixed layer deepens twice seasonally: once in the boreal
winter and once in the boreal summer. In the wintertime, cool air blows over the Arabian
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Sea, cools the surface, which then sinks and deepens the mixed layer. In the summer,
strong southwesterly winds deepen the mixed layer and provide conditions conducive to
strong eddying and frontal development. In Chapter 5, a full analysis was applied to the
variability of mixed layer depth in the Arabian Sea under strong and weak monsoon
conditions using the HYbrid Coordinate Ocean Model (HYCOM) and the European
Centre for Mid-Range Weather Forecasting (ECMWF) ERA-Interim reanalysis. We find
through the application of an eddy-tracking algorithm, a spatial and temporal analysis of
a variety of factors that impact mixed layer depth variability, and a heat budget analysis
that there is an overall dominance of larger features in strong monsoon conditions and a
higher frequency of small features in weak monsoon conditions.
To determine how the characteristics of these eddies (and the high-salinity
Arabian Sea water mass as a whole) change over a longer temporal period, a decadal
analysis of fresh and salt water transports was conducted throughout the Indian Ocean in
Chapter 6 using HYCOM and SODA. The results were interesting, noting year-to-year
variability primarily due to Indian Ocean Dipole and ENSO events, a net salt export from
the Indian Ocean due to increasingly evaporation-dominant conditions in the southern
Indian Ocean, and statistically significant (within a 95% confidence interval) changes in
equatorial currents when using HYCOM and the Somali Current when using SODA.
The final chapter, Chapter 7, is devoted to the summary and conclusion of the
research done in this dissertation work.
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Figure 1.1. Climatological CMEMS sea level anomalies (a-b, in cm) and associated
geostrophic currents (in m/s) for January and July averaged from 2008-2017.
Climatological NOAA blended winds are in panels (c-d, in m/s) for the same time period.
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Figure 1.2. SMAP sea surface salinity (SSS, in psu) during the northeast (winter) and
southwest (summer) monsoons of 2016 (in psu). Arrows indicate the paths of major
currents. SC=Somali Current, WICC=West India Coastal Current, EICC=East India
Coastal Current, LH=Lakshadweep High, LL=Lakshadweep Low, WMC=Winter
Monson Current, SMC=Summer Monsoon Current.
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Figure 1.3. Monthly AVHRR sea surface temperatures (in °C) for the weak summer
monsoon of 2015 and the normal summer monsoon of 2016.
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CHAPTER 2
VARIABILITY OF THE SOMALI CURRENT AND EDDIES DURING
THE SOUTHWEST MONSOON REGIMES1

_____________________________________________________________
1

Trott, C. B., B. Subrahmanyam, & V. S. N. Murty (2017). Variability of the Somali
Current and eddies during the southwest monsoon regimes. Dynamics of Atmospheres
and Oceans, 79, 43-55. doi: 10.10106/j.dynatmoce.2017.07.002.
Reproduced by permission of Elsevier.
© 2017 by Elsevier
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ABSTRACT
The meso-scale eddies and currents in the Arabian Sea are analyzed using
different satellite observations, Simple Oceanic Data Assimilation (SODA) reanalysis,
and Ocean Reanalysis System 4 (ORAS4) from 1993 to 2016 to investigate the impacts
of Southwest (SW) Monsoon strength on Somali Current (SC) mesoscale circulations
such as the Great Whirl (GW), the Socotra Eddy (SE), the Southern Gyre (SG), and
smaller eddies. Increased Ekman pumping during stronger SW monsoons strengthens
coastal upwelling along the Somali coast. The Arabian Sea basin-wide anticyclonic
circulation and presence of the GW form mesoscale circulation patterns favorable to
advection of upwelled waters eastward into the central Arabian Sea. In September, after
the SW monsoon winds reach peak strength in July and August, a higher number of
discrete anticyclonic eddies with higher (>20 cm) sea surface height anomalies develop in
strong and normal intensity SW monsoon seasons than weaker SW monsoon seasons.
2.1 INTRODUCTION
The Findlater Jet is a low-lying southwesterly jet extending from Somalia to the
western coast of India during the northern summer season (Findlater, 1969). Resultant
Ekman transports induce summer monsoon upwelling along the Somali coast (Schott et
al. 2009), causing drastically reduced coastal sea surface temperatures (SST) as low as
17°C and a shallow thermocline in the western Arabian Sea (Swallow and Bruce, 1976).
As a result, upper-level summer Arabian Sea dynamics are primarily dominated by high
surface wind stress and eastward advection of upwelled cool water (Wiggert et al., 2000).
The Somali Current (SC) along the Somali coast develops as a response to this
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circulation, flowing northeastward in the summer months (or Southwest (SW) monsoon)
and southwestward during the winter monsoon (or Northeast (NE) monsoon). Projects
such as the World Ocean Circulation Experiment (WOCE) and the Indian Ocean
Experiment (INDEX) have discovered that in addition to its uniquely changing flow, the
SC is the strongest current of the World Ocean, with instantaneous speeds up to 3 m/s
(Byshev et al., 2007; Eremeev et al., 2013). The SC flow is supplied by the westward
South Equatorial Current (SEC) and the northeastward East African Coastal Current
(EACC), both of which are supplied by the Indonesian Throughflow (ITF) (Schott et al.
2009). Along the SC three major anticyclonic circulations: the Socotra Eddy (SE), the
Great Whirl (GW), and the Southern Gyre (SG), as shown in Figure 2.1 are present (Beal
and Donohue, 2013; Akuetevi et al., 2016).
The GW is an almost-closed anticyclonic eddy with transports of approximately
60 Sv (x106 m3/s), extending up to 1000 m deep with average speeds of 10 cm/s (Beal
and Donohue, 2013; Wiggert et al., 2000; Cao and Hu, 2015). Brandt et al. (2003)
analyzed the role of the westward propagation of SSH anomalies between the NE and
SW monsoon season by Rossby waves that concentrate fluctuation energy in the northern
Somali basin. Beal et al. (2013) further examined the impact of Rossby waves on the
upper circulation of the Arabian Sea to find that strong wind curl-induced downwelling in
the central Arabian Sea basin from the previous SW monsoon initiates the cycle of
Rossby and Kelvin waves in the Northern Indian Ocean, deducing that these propagated
anomalies serve as precursors for the next SW monsoon’s SSH anomaly field of the
western Arabian Sea (Beal et al., 2013).
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Another smaller warm core eddy that often forms to the northeast of the GW
during the SW monsoon is the SE (Jensen, 1991). Akuetevi et al. (2016) analyzed SC
eddy interactions through hindcast simulations of the ocean/sea-ice model configuration
ORCA025 as described in Barnier et al. (2006) and suggest potential formation
mechanisms for the SE, such as anticyclonic vorticity shedding of the GW, advection of
GW-induced flanking cyclones, induction by the mean current along the northern edge of
the GW, or independent development as a coherent mesoscale eddy (Akuetevi et al.,
2016). The SG is generated by the clockwise directional change of the EACC as it
interacts with the western boundary of the Indian Ocean from 10°S to 2°N (Shankar et
al., 2002; Akuetevi et al., 2016). Water-mass signatures do not indicate that all outflow
from the SG mixes into the GW since currents of the SG are redirected eastward by the
South Equatorial Counter Current (SECC) (Wirth et al., 2002; Jensen, 1991). Numerical
studies by Akuetevi et al. (2016) and Jensen (1991) propose a northward moving SG
indicated by observations (Swallow and Fieux, 1982; Evans and Brown, 1981).
The SC in the SW monsoon is the region of interaction between highly saline
Arabian Sea waters, fresher transports from the SEC, and upwelled waters. Grunseich et
al. (2011) explored the differences in SSS in the Indian Ocean between the monsoon
seasons and discovered a band of summer westward transport along the equator that feeds
into the northward flowing SC significantly fresher than that of the wintertime SEC flow.
Nyadjro et al. (2010) reported the dominance of Ekman drift as the dominant method of
SSS transport in the Indian Ocean during the SW monsoon, indicating that variations in
wind strength between the SW monsoon seasons have a significant effect on the variation
of upper-level salinity dynamics along the SC.
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In this paper, we analyze how strong, weak and normal SW monsoon seasons as
defined by the Indian Institute of Tropical Meteorology (IITM), India influence the
upper-level eddies in the western Arabian Sea. We then study the surface response of the
SC and eddies from 1993 through 2016 to the strength of corresponding SW monsoon
season.
2.2 DATA AND METHODS
Altimetric derived Sea Surface Height (SSH) anomalies used in this study have
been produced by SSALTO/DUACS simultaneously operating altimeters provided by
AVISO

(http://www.aviso.altimetry.fr/en/data/products/sea-surface-height-

products/global.html). SSALTO/DUACS develops a merged gridded set of daily data
from altimetry satellite missions from January 1993 to December 2015. This is a multimission altimetric derived sea surface height (SSH) from HY2, Saral/AltiKa, Cryosat-2,
Jason-2, Jason-1, TOPEX/POSEIDON, ENVISAT, GFO, and ERS1/2 and is
homogenized to reference mission Jason-2 with a horizontal resolution of 0.25°. SSH
anomalies are computed with respect to a 20-year mean (1993-2012) and are processed
using the Sea Level-Thematic Assembly Centre (SL-TAC) multi-mission altimeter data
processing system in delayed time from January 1, 1993 until April 23, 2015 and in near
real-time from April 24, 2015 until December 31, 2015. Pascual, et al (2006) determined
that, though in 2003 there are four concurrent satellites (GFO, TP, Jason-1, and Envisat),
the impact of the additional altimeters is negligible within 20°N and 20°S in reference to
TOPEX/POSEIDON. As this study investigates the tropical Indian Ocean, we are able to
utilize this data set for 1994, 2002 and 2003 years.
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We use daily Sea Surface Temperature (SST) data from 1985 to 2016 from the
National Oceanic and Atmospheric Administration’s (NOAA) and the National Climactic
Data Center’s (NCDC) Optimum Interpolation Sea Surface Temperature (OISST)
Advanced

Very

High

Resolution

Radiometer

(AVHRR)

V2

dataset

(http://www.esrl.noaa.gov/psd/data/gridded/data.noaa.oisst.v2.highres.html) (Reynolds et
al, 2007). The spatial grid resolution is 0.25° x 0.25°. Improvements on the second
version of OISST include the ability to include preliminary Pathfinder data using NOAA7 as well as temporal 3-day smoothing to account for anomalously noisy days of data
(Reynolds, 2009). The impact of this smoothing was verified by 43 moored buoys off the
coasts of North America and Europe as well as the tropical Pacific and Atlantic for 20032005 with a satellite bias correction of 15 days (Reynolds, 2009). This data allows us to
track the location and movement of Somali cold wedges. Monthly averaged SSTs are
used in this study to better analyze seasonal variability as well as correct for days
influenced by overcast conditions. NOAA-AVHRR monthly SSTs are appropriate for
study of the northern Indian Ocean in all seasons, as evidenced by studies such as
Chaturvedi (2003) and Solanki (2010).
Ocean Surface Current Analysis Real-Time (OSCAR) 5-day current data with a
horizontal resolution of 1/3° was used to observe major circulations in the Arabian Sea
from 1993-2016 (https://podaac.jpl.nasa.gov/dataset/OSCAR_L4_OC_third-deg). Data is
generated by Earth Space Research (ESR, http://www.esr.org/oscar_index.html) and is
available from NASA’s Jet Propulsion Lab. OSCAR uses quasi-linear and steady flow
momentum equations that integrate in situ and satellite SSH, surface winds, and SST
observations (Bonjean and Lagerloef, 2002).
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The atmospheric climate reanalysis wind datasets used in this study are
maintained by the European Centre for Medium-Range Weather Forecasting (ECMWF,
http://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=sfc/). We use the global
daily ECMWF-ERA Interim 10-meter wind product, from 1994 to 2003 at a spatial
resolution of 1° × 1°.

These winds were then used to calculate zonal and meridional

wind stress components and Ekman pumping. Satellite-derived monthly winds were also
used from the Special Sensor Microwave Imager (SSM/I) and the Special Sensor
Microwave

Imager

Sounder

(SSMIS)

passive

microwave

radiometers

(http://www.remss.com/missions/ssmi). These instruments have been collecting surface
wind speed data from 1987 to 2017 at a spatial grid resolution of 0.25° x 0.25° (Wentz,
2013).
To obtain salinity for the years prior to satellites derived salinity, we used the
eddy-resolving Simple Ocean Data Assimilation (SODA) model version 2.2.4
(http://sodaserver.tamu.edu/assim/) salinity product at a 0.5° x 0.5° resolution over 40
depth levels up to 5375 m. The foundation of SODA is outlined in Carton and Giese
(2008) and the SODA 2.2.4 reanalysis method is described more in detail in Giese and
Ray (2011). SODA 2.2.4 includes prior SODA software, but also factors in the Parallel
Ocean Program (POP) model, version 2.0.1 (Giese and Ray, 2011). POP has a horizontal
resolution of 0.4° x 0.25° and 40 vertical levels. The grid was remapped to account for
the convergence of meridians at high latitudes for the final reanalysis product. Surface
boundary conditions are provided from the Twentieth Century Reanalysis (20CR) project
version 2 as described in Compo et al. (2011). 20CRv2 contains the first estimates of
global tropospheric variability from 1871 through present-day at 6-hour and 2° intervals
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(Compo et al., 2011). The temperature and salinity profile data is from the World Ocean
Database 2013 (WOD13) and bathythermograph data has been corrected via the
description in Levitus et al. (2009). SST observations are from ICOADS 2.5 to account
for the limited hydrography for the first half of the 20th century (Woodruff et al., 2011).
Overall, the SODA version 2.2.4 product is very similar to previous reanalyses, but uses
20CRv2 surface boundary conditions for momentum fluxes and for variables to calculate
heat and freshwater fluxes.
ECMWF’s and Ocean Reanalysis System 4 (ORAS4) reanalysis product was used
at a 1° resolution from 1958 through 2015. ORAS4 uses the NEMO V3.0 model to
assimilate XBT, CTD, Argo, and mooring in situ data in addition to AVISO altimeter sea
level anomalies, ERA-40 SST and sea ice, as well as the NCEP OI v2 weekly product
and OSTIA analysis (Balmaseda et al., 2013; https://www.ecmwf.int/en/research/climatereanalysis/ocean-reanalysis). The NEMOVAR assimilation method as described in
Mogensen, et al. (2012) is used to assimilate daily surface fluxes from ERA-Interim
reanalyses.
2.3 RESULTS
A. SOUTHWEST MONSOON RAINFALL
All-India rainfall anomalies provided by the Indian Institute of Tropical
Meteorology, Pune, India for the SW monsoons over the period of June-July-AugustSeptember (JJAS) from 1990 to 2014 are displayed in Figure 2.2. The Indian Institute of
Tropical Meteorology (IITM) defines strong (weak) SW monsoons as ones with at least a
ten percent increase (decrease) in rainfall about a long-term seasonal mean. The rainfall
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percent anomalies (Figure 2.2) indicate one strong SW monsoon season (1994) and four
weak SW monsoon seasons (2002, 2004, 2009, 2014) between 1990 and 2014. SSMI
average wind anomalies for July and August (when the Findlater jet is fully matured) are
shown for the same years in Figure 2.3. Figure 2.3 indicates a relationship between the
western Arabian Sea wind magnitude and SW monsoon strength, as all strong years
(1994) observe anomalously high winds and all drought years (2002, 2004, 2009, and
2014) have lower than average wind speeds in the western Arabian Sea.
B. UPWELLING ALONG THE SOMALI COAST
The negative wind stress curl that engulfs the surface of the Arabian Sea
significantly influences the vertical motion of the surface layer along the SC. The zero
line of the wind stress curl coincides with the northwestern periphery of the GW (Beal
and Donohue, 2013). We have plotted Ekman pumping using wind data obtained from
ECMWF-ERA to analyze the impacts of wind forcing on coastal upwelling (Figure 2.4).
A comparison of the negative Ekman pumping indicates stronger wind-induced
downwelling in the central and western Arabian Sea in the 1994 strong SW monsoon
season (Figure 2.4a) than the 2003 normal SW monsoon season (Figure 2.4e), which in
turn is stronger than the 2002 weak SW monsoon season (Figure 2.4c). The upwelling
caused by the offshore Ekman pumping associated with the strong winds of the Findlater
Jet initiates significant coastal upwelling indicated by SSTs below 24°C (Beal et al.,
2013).
To analyze the variability of the Findlater Jet-induced upwelling on SST in the
western Arabian Sea, we have plotted monthly AVHRR OI-SST anomalies (with
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reference to a 20 year monthly mean from 1990 to 2010) with monthly SST contours and
overlaid OSCAR currents for the SW monsoon months of 1994, 2002 and 2003 (Figures
2.5-2.7) to identify the extent of the seasonal upwelling and general circulation of not the
SC, Arabian Sea, GW, and SE.
Monthly SST averages for the strong 1994 SW monsoon depict anomalously
cooler waters in the western Arabian Sea (Figure 2.5). Coastal upwelling intensifies from
June through August and lessens in September.

A circular pattern of 25°C water

indicates the location of the GW throughout the SW monsoon at about 52°E and 8°N, and
is most distinctive in July at the intensified downwelling region detected in Figure 2.3a,
signifying that the SW monsoon is stronger in July than August of 1994, with a second
surge of anticyclonic recirculation in September due to an accumulation of wavelet
intensity propagated into the GW region via Rossby waves, supported by the local
currents (Brandt et al., 2003; Figure 2.5). All four months of the 1994 strong SW
monsoon show anomalously cooler temperatures from surface mixing of upwelled water
(Figure 2.5).

However, there is substantially less Somali upwelling throughout all

months of the 2002 weak SW monsoon season (Figure 2.6). In Figure 2.6c, SSTs over the
Somali coast remain above 24°C, resulting in an anomalously warm September of 2002
(Figure 2.6d). The 2002 GW signified by OSCAR currents (located about 51°E and 7°N)
is the only major regional September 2002 eddy, though OSCAR currents show a more
complex eddy field in 1994 and 2003 (Figures 2.5-2.7).
We have analyzed the dynamics of the SC and its major eddies via observation of
regional currents, monthly SST, and SST anomalies. An observed increase in Ekmaninduced upwelling is present along the SC during strong SW monsoons (Figure 2.4). The
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SST distribution of the SC and Arabian Sea in the 2003 normal monsoon shows evidence
of upwelling intensity between that of the analyzed strong (1994) and weak (2002)
monsoon seasons (Figures 2.5-2.7). Though there is an indication of increased SC
strength evidenced by the increased upwelling, there is no evidence by the coastal “cold
wedges” caused by the circulation of the SG being advected northward enough to
indicate coalescence with the GW in SW monsoons of any strength, but indicate that the
northern edge of the SG remains at 4°N throughout seasons of all monsoon strengths
(Figures 2.5-2.7). Cold wedges with a band of cold waters directed offshore are noted on
the northern periphery of the GW during the 1994 strong SW monsoon (Figures 2.5c-e),
2002 weak SW monsoon (Figures 2.6a-c) and the 2003 normal SW monsoon (Figures
2.7b-c).
C. EDDIES ALONG THE SOMALI COAST
To study anticyclonic eddy variation along the Somali Coast with SW monsoon
strength and understand the impacts of mixing induced by increased coastal upwelling,
the western Indian Ocean (35°E-75°E, 10°S-30°N) monthly averaged AVISO SSH
anomalies are plotted for the SW monsoon seasons during 1993 - 2016. We present the
analysis for the three strongest (1994), weakest (2002), and normal (2003) SW monsoon
seasons (Figures 2.8-2.10). The location and magnitude of the advection of the low SSH
cyclonic flow due to cool, upwelled water is seen at the northern periphery of the GW at
all times (Figures 2.8-2.10).
The SG is observed in June of 1994 at 4°N (Figure 2.8a) by the lower SSHA at its
northern periphery, by August and September, the SG and GW have merged into a band
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of notably high SSHA. We have noticed lower SSHA on the northern periphery of the
GW in all months of the 1994 SW monsoon, but no SE. However, neither the SG nor the
SE is seen in monthly SSHA during the 2002 monsoon months either (Figure 2.9). In
August 2002, there is not significant evidence of merging of SG and GW (Figure 2.9c).
A band of lower SSH caps the northern boundary of the GW and is more clear in
September 2002 (Figure 2.9d). However, the surface waters of the SG are seen merging
with the GW in August, 2003 and September, 2003 (Figure 2.10c-d). Capping of lower
SSH is visible at the northern periphery of the reduced-size GW only during the months
of August, 2003 and September, 2003 (Figures 2.9c-d). In June through July, 2003, the
GW is located at relatively northern latitudes (10°N), but by August through September
is confined to latitudes south of 8°N. The SE is not clearly seen in the 2003 monsoon
months.
Monthly altimetric SSH anomalies for the 1994 SW monsoon display a clear
formation of the GW surrounded by waters with anomalously low SSH anomalies,
particularly in the months of July and September, indicating the upwelled water advected
eastward to such an extent that it surrounds about two-thirds of the GW (Figures 2.8b,d).
This interacts with upwelled coastal Arabian Peninsula waters that mix into the eddy field
as the southwest monsoon intensifies (Figure 2.8-2.10). The strong 1994 SW monsoon
depicted in Figure 2.8 shows four anticyclonic eddies with SSH anomalies above 20 cm
during its maturity in September. Figure 2.10, for the 2003 normal monsoon, also shows
four anticyclonic eddies with amplitudes above 20 cm during its maturity in August.
However, in Figure 2.9, the maximal number of eddies with amplitudes above 20 cm
connected to the SC system is three eddies in the 2002 weak monsoon. In 2002, there is
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less upwelled water to separate eddies and enhance the mesoscale anticyclonic
circulations.
Downwelling Kelvin waves along the Indian east coast initiated by the collapse of
the summer monsoon have been modeled by McCreary et al (1993, 1996), Shankar et al
(2002) and Subrahmanyam and Robinson (2000). These researchers determined that
these Kelvin waves propagate around the Indian peninsula into the Arabian Sea,
triggering westward propagating Rossby waves, as shown in Figure 2.11. Positive SSH
anomalies propagate westward across the Arabian Sea basin from January through the
SW monsoon, approaching the Somali Coast between June and late September. The
positive SSH anomalies approach the Somali coast in September of 1994, September of
2002, and July of 2003, indicating the location and development of the GW (Figure 2.11).
In all years, the GW is precedes a low SSH anomaly along the Somali Coast, indicating
coastal upwelling (Figure 2.11).
D. SALINITY VARIATIONS IN THE SOMALI CURRENT REGION
The SC is the location of interaction between the highly saline Arabian Sea
waters, fresher waters sourced from the Indonesian Throughflow (ITF) carried westward
along the South Equatorial Current, and local precipitation. Grunseich et al. (2011)
reported westward flow of the ITF that turns northward at the East African Coastal
Current (EACC) and feeds into the SC. Additionally, upwelling from the SC lifts salty
water. We have noticed higher salinity waters near the Somali Coast in July of 1994 due
to strong upwelling (Figures 2.12a, 2.13a). The freshest SC was in 2002, a weak SW
monsoon season, where SSS is dominated by advection of the South Equatorial Current
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(SEC). The SG advects relatively fresher waters both northward into the SC and eastward
into the South Equatorial Countercurrent (SECC).
To detect latitudinal shifting of the SC, the coastal SSS and SST wedges
associated with the northwestern periphery of the SG were used. As in observations of
SST, the SG advects coastal waters eastward at approximately 4°N in SW monsoon
seasons of all strengths.

The same is true for SSS, as relatively fresh waters are

circulated into the open Arabian Sea, reinforcing our conclusions that the latitude of the
SG does not vary with monsoon strength, which is consistent with the observations by
Quadfasel and Schott (1982), indicating that the southern Somali basin topography
restricts the SG location.
Figure 2.12 shows SODA reanalysis monthly SSS anomalies overlaid with SSS
contours, which show unusual changes in the extent of the high-salinity waters extending
from the northern Arabian Sea. Figure 2.13 displays the same parameters using ORAS4,
yet SODA SSS has a fresh bias compared to ORAS4.
During the strong SW monsoon the precipitation over the ocean surface along the
Findlater jet results in low salinity waters. The discrepancies between figures 2.12 and
2.13 are likely due to differing P-E and air-sea heat fluxes, both of which are derived
from 20Crv2 for SODA and ERA-40 reanalysis for ORAS4. This results in stronger
negative salinity anomalies in SODA than ORAS4 during the strong monsoon of 1994
(2.12a, 2.13a). ORAS4 and SODA also both show anomalously high salinity in 2002
along the AS eddy field except for a ring of low salinity at about 62°E and 9°N in Figure
2.12b that likely suggests an entrainment of SC waters by the SE, which is also evident at
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about the same location of Figure 2.12c. SSS in 2003 (a normal strength SW monsoon)
was the most different between reanalyses. SODA shows a band of anomalously high
salinity along the equator, which OSCAR currents in Figure 2.7b indicate coincide with
the eastward South Equatorial Counter Current, suggesting increased eastward advection
of high salinity waters from the western AS. However, in ORAS4, SSS anomalies in July
2003 are characterized by basinwide salinity slightly higher than the monthly mean
except for a low SSS anomaly at 65°E and 5°N (Figure 2.13c), which OSCAR currents in
Figure 2.7b indicate may be due to local eddying.
E. MIXED LAYER VARIATIONS
To understand the mixing induced by local eddies, we have used SODA 2.2.4
reanalysis temperature and salinity data to compute mixed layer depth (MLD) using a
0.125 kg/m3 density threshold (Figure 2.14), as described in Levitus (1982), Monterey
and Levitus (1997), and Suga et al. (2004). Due to the high layer thickness of SODA, the
data were interpolated to every 1 meter between 10 m and 300 m using the Akima
interpolation (Akima, 1970). The location of anticyclonic eddies is evident in the pattern
of high MLDs intertwined with upwelling-induced low MLDs throughout the central
Arabian Sea. In each map, the GW is clear in all months along the Somali Coast, but all
other eddies display high variability between all months of SW monsoon seasons of
varying strengths. In July 1994, the strong SW monsoon MLD displays an anticyclonic
eddy field that sprawls eastward into the open ocean of the Arabian Sea (Figure 2.14a-c).
In August, these eddies are stronger and more discrete (Figure 2.14d-f). In the weak
(2002) and normal (2003) monsoon seasons, the GW reaches its deepest MLD and most
eddy-like shape before decaying in September, likely due to premature shifting of
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monsoonal winds. However, in 1994, the GW retains its structure and due to its strong
dynamic anticyclonic circulation it continues to advect upwelled (low MLD) waters
eastward, resulting in an eddy field with more discrete anticyclonic eddies (Figure 2.14g).
In strong (1994) and normal (2003) SW monsoon seasons, increased upwelled
water is advected by the GW and mixed into the central Arabian Sea. This flow
strengthens the anticyclonic circulation of the GW (Santos et al., 2015), resulting in a
region of stronger individual eddies, providing a formation mechanism for the SE and
additional anticyclonic eddies east of the SE. Figure 2.15 depicts the depth of the 20°C
isotherm using SODA reanalysis, displaying dramatic variation due to the mesoscale
circulation of upwelled waters positioned next to anticyclonic eddies that depress the
20°C isotherm as deep as 200 m.
2.4 DISCUSSION AND CONCLUSIONS
This study examined the previously unexplored relationship between eddies in the
Arabian Sea and strength of the SW monsoon. Strong and weak SW monsoon seasons
were classified as years when the summer (JJAS) all-India rainfall anomaly was a 10%
deviation from the long-term mean (1871 - 1990) and years when rainfall did not exceed
this threshold were classified as normal monsoon years, which aligned well with synoptic
conditions over the western Arabian Sea. We have discussed variability in Ekman
pumping across the basin of the Arabian Sea, which synergizes with the
depression/deepening of the pycnocline by the GW and other lesser anticyclonic eddies
that aggregate in the western Arabian Sea to create upper ocean conditions suitable for
extensive variability. This is enhanced by intense upwelling along the Somali Coast
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induced by the strong SW monsoon winds that lifts subsurface saline waters that circulate
into GW, generated by annually propagated Rossby waves. These Rossby Waves are of
downwelling nature and hence supports depression of thermocline (and large positive
SSH) in the GW away from the Somali coast and hence would force the thermocline
shoaling on its peripheries. Towards the Somali coast this is manifested as lower SSH
and the associated coastal upwelling and augmented by the stronger alongshore wind
stress of the SW monsoon winds favouring coastal upwelling. This would explain
stronger upwelling in July-August in 1994 (strong monsoon year) and 2002 (weaker
monsoon year) and weaker upwelling in July-August in 2003 normal monsoon. However,
strong upwelling is noticed in September 2003. This is due to the arrival of downwelling
Rossby Waves by September in 1994 and 2002, and the early arrival of Rossby Waves by
July 2003 normal monsoon weakened the upwelling in July-August 2003. However,
Somali coastal upwelling occurred in September 2003 under the influence of the
upwelling-favourable alongshore wind stress and the reduced influence of the remotely
forced Rossby Waves.
We examined the impacts of this upwelled water on the eddy field of the western
Arabian Sea and how the alternation between positive SSH anomalies (anticyclonic
eddies) and negative SSH anomalies (upwelled waters) produces conditions conducive to
the high-amplitude eddies in the open ocean waters of the Arabian Sea, as also evidenced
by OSCAR surface currents.
Our analysis concludes that conditions are more conducive to a higher number of
discrete high-amplitude eddies in strong and normal monsoon seasons. Exploration of
SST and SSS displayed no latitudinal migration of the SG from 4°N as a response to
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variance of the southwest monsoon season. Strong SW monsoon seasons are associated
with years of strong Somali upwelling and increased freshness of the SC. Fresher waters
from the SEC enter the SG, are turned northeastward along the SC, and are mixed by and
into the GW, as evidenced by SODA and ORAS4 reanalyses. In stronger southwest
monsoon seasons, these fresher waters travel from the GW flow to the SE anticyclonic
flow.
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Figure 2.1. A schematic indicating major anticyclonic circulation features during the
Southwest monsoon using NOAA AVHRR 30-year seasonal mean sea surface
temperatures from June to September during 1985 – 2015 with OSCAR seasonal mean
currents from 1993—2016. The abbreviations are as follows: SG, Southern Gyre; GW,
Great Whirl; and SE, Socotra Eddy.
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Figure 2.2. All-India Rainfall for the SW monsoon seasons (June through September)
from 1990 to 2014. The percent anomalies are with reference to the mean JJAS rainfall
from 1871 to 1990. The mean JJAS rainfall is 852.1 mm. Red bars indicate the three
chosen years with the highest (1994, +11.8%), lowest (2002, -22.3%), and smallest
(2003, -0.3%) percent rainfall anomalies corresponding to the strong, weak, and normal
monsoon years respectively.
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Figure 2.3. SSMI July-August wind magnitude percent anomalies from the 1990-2014
box-averaged mean of 8.33 m/s (52-68°E, -3-15°N).
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Figure 2.4. Southwest monsoon Ekman pumping (x10-5 m/s) for (a, c, e) July and (b, d, f)
August during the strong (1994), weak (2002), and normal (2003) monsoon seasons.
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Figure 2.5. Monthly averaged the AVHRR-OI SST anomalies (color shading), OSCAR
currents, and SST contours for the months of (a) June, (b) July, (c) August, and (d)
September of the strong SW monsoon of 1994. Units of SST are in °C.
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Figure 2.6. Same as Figure 2.5, but for the weak SW monsoon of 2002.
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Figure 2.7. Same as Figure 2.5, but for the normal SW monsoon of 2003.
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Figure 2.8. Monthly average SSH anomalies during the months of (a) June, (b) July, (c)
August, and (d) September of the strong SW monsoon of 1994. Units are in cm.
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Figure 2.9. Same as Figure 2.8, but for the weak SW monsoon of 2002.

35

Figure 2.10. Same as Figure 2.8, but for the normal SW monsoon of 2003.
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Figure 2.11. Hovmoller diagram of SSH anomalies (cm) at 8°N from 50°E to 80°E for
the years of 1994 (strong SW monsoon), 2002 (weak SW monsoon), and 2003 (normal
SW monsoon). Black lines indicate the beginning and end of the summer monsoon
season (June 1st through September 30th).
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Figure 2.12. SODA 2.2.4 monthly SSS anomalies for July 1994 (strong), 2002 (weak),
and 2003 (normal) with reference to a 15-year monthly mean for the period 1990—2005.
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Figure 2.13. Same as Figure 2.12, but using ORAS4.
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Figure 2.14. SODA 2.2.4 data derived mixed layer depth (m) for the months of (a-c) July,
(d-f) August, and (g-i) September for the strong (1994), weak (2002), and normal (2003)
SW monsoons.
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Figure 2.15. SODA 2.2.4 data derived depth of the 20°C isotherm using SODA reanalysis
for the months of (a-c) July, (d-f) August, and (g-i) September for the strong (1994),
weak (2002) and normal (2003) SW monsoons.
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CHAPTER 3
EDDY TRACKING IN THE NORTHWESTERN INDIAN OCEAN
DURING SOUTHWEST MONSOON REGIMES2

_____________________________________________________________
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ABSTRACT
The northwestern Indian Ocean exhibits a relatively highly energetic eddy field
during the southwest monsoon season between June and September. This study analyzes
the seasonal and interannual variability of the eddy characteristics and their trajectories in
the northwestern Indian Ocean using altimetric sea surface height observations from 1993
– 2014. Although the highest number of eddies is found in the Arabian Peninsula coastal
region, the strongest eddies, characterized by large radii, amplitudes, and eddy kinetic
energies are found along the Somali Current. Trajectories of anticyclonic and cyclonic
eddies are investigated to provide insight on the generation and propagation of eddies of
varying amplitudes. The largest annual eddy in the Somali Current system corresponds to
the Great Whirl (GW), for which the year-to-year variability with respect to shape, size,
generation, and propagation were examined, as was the development of these
characteristics over the GW’s lifetime.
3.1 INTRODUCTION
Mesoscale eddies can be critical modulators of air-sea fluxes (Frenger et al., 2013;
Villas-Boas et al., 2015; Ma, 2016) and transporters of seawater properties. The
northwestern Indian Ocean (NIO) is a region of notable annual eddy generation during
the southwest monsoon season (the boreal summer), characterized by strong regional
southwesterly winds. The strongest low-level southwesterly monsoon jet is the Findlater
Jet blowing over the western Arabian Sea (Findlater, 1977). The Findlater Jet synergizes
with the topography of the Somali shoreline to induce conditions favorable for upperlevel eddy generation by (i) the presence of Rossby waves (McCreary et al., 1993), (ii)
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significant coastal upwelling (Trott et al., 2017), and (iii) barotropic instabilities (Jensen,
2001).
Rossby waves along 8°N directly influence the variability and patterns of sealevel anomalies (SLA) in the Arabian Sea. The impact of these waves on the coastal
circulation of the Arabian Sea has been relatively well studied (McCreary et al., 1993;
Shankar and Shetye 1997; Subrahmanyam et al., 2001). Brandt et al. (2002) attributed
87% of seasonal hydrographic variance in this region to first- and second-mode Rossby
waves. These westward propagating waves generate at the western coastline of the Indian
subcontinent and are continuously forced by wind-stress curl over the Arabian Sea, hence
their recurring annual signal (Brandt et al., 2002). Lighthill (1969) first predicted the onemonth lag time between the wind curl in May-June and the appearance of a northward
Somali Current with accompanying eddies due to Rossby wave propagation. However,
Leetmaa (1972, 1973) factored in the direct influence of the Findlater Jet on the Somali
Current and found that wind-driven coastal upwelling was a more immediate influencer
of summertime Somali Current and eddy generation.
The Findlater Jet induces negative summertime wind stress curl, resulting in
coastal upwelling, approximately 5°C cooler than the surrounding waters (Schott 1983;
Trott et al., 2017). Seo et al. (2008) analyzed the large summertime coastal sea-surface
temperature (SST) gradients in the western Arabian Sea and its connection to mesoscale
activity. Coastal wind-induced vertical velocities on the order of 3 mm/day maintain
baroclinic instability (Hurlburt and Thompson, 1976; Seo et al. 2008). The local eddy
field strengthens during the southwest monsoon in an attempt to reestablish stratification
(Boccaletti et al., 2007).
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For the development of robust anticyclonic eddies such as the Great Whirl (GW)
along the Somali Current, eddy generation is enhanced by barotropic instability. First
suggested by Jensen (1991), the Somali Current advects waters with low potential
vorticity northward. The large kinetic energy of the Somali Current enhances the lateral
gradient in relative vorticity, generating barotropic instability and providing another
generation mechanism for the GW (Seo, 2017).
As satellite altimetry provides sea surface height measurements at a high spatial
and temporal scale, global eddy tracking has been of great interest. Thanks to the
development of gridded datasets, comprised of merged multi-mission altimeter data,
several authors developed automatic eddy tracking algorithms applied to gridded sea
surface height fields (Chaigneau et al., 2008; Chelton et al., 2011; Williams et al., 2011;
Yi et al., 2014). Based on a global eddy tracking procedure, Chelton et al. (2011)
revealed that nearly all of the eddies detected between 20°N and 20°S (including those in
the Somali Current region) were nonlinear and as such, are able to trap, transport and
redistribute physical and biogeochemical tracers. This nonlinear eddy behavior increases
the complexity of understanding tropical eddies in comparison to their extra-tropical
counterparts.
High-resolution satellite altimetry has been instrumental in our understanding of
mesoscale eddy lifecycles, e.g. their development, propagation, and dissipation and can
provide insight to the Somali Current and its highly dynamic eddy field during the
southwest monsoon season. Our objective is to apply an automatic eddy-tracking method
to altimetric observations to better document and understand NIO eddies observed from
1993 through 2014, and in particular during the SW monsoon. Characterizing NIO eddy
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dynamics is of great importance due to these eddies’ impact on air-sea heat and moisture
fluxes that determines rainfall over the Indian subcontinent (Vecchi et al., 2004).
3.2 DATA AND METHODOLOGY
Altimetric sea sea-level anomalies (SLA) from merged multi-mission satellite
observations are currently maintained and distributed by the Copernicus Marine and
Environment Monitoring Service (CMEMS; marine.copernicus.eu) at a global horizontal
grid resolution of 0.25° from 1993 to 2014. This daily dataset incorporates a variety of
altimeters (LeTraon et al., 1998; Ducet et al., 2010). SLA, referenced to a 20-year mean
from 1993 – 2012, were extracted in the NIO extending from 35°E-80°E and 10°S-30°N.
First, individual eddies, characterized by a center and an edge, were identified in
SLA maps using the automated algorithm of Chaigneau et al (2008; 2009). For each SLA
map, this algorithm defines the AE (CE, respectively) centers as local SLA maxima
(minima). The edge of each identified eddy is then determined as the outermost closed
SLA contour around the detected centers (Chaigneau et al., 2008; 2009). To be retained
as a valid eddy, the eddy edge must contain at least 4 connected SLA grid points,
corresponding to a minimum radius of ~20 km. As mentioned by Pegliasco et al. (2015),
detected eddies having small radii (20-40 km) or weak amplitudes (less than 1-2 cm)
should probably be considered as noisy artifact structures on the daily SLA maps.
However, this threshold-free method, that is very similar to that used in Chelton et al.
(2011), has been shown to detect fewer false eddies than other commonly used methods
(Chaigneau et al., 2008; Souza et al., 2011; Yi et al., 2014).
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Second, eddy trajectories were constructed from these individual eddies using the
tracking algorithm described in details in Pegliasco et al. (2015). For each eddy (e1)
identified on a given SLA map at time t1 and delimited by a closed SLA contour C1, and
for each eddy (e2, delimited by C2) identified on the next map at time t2 and intersecting
e1 while rotating in the same sense, a cost function (CF) is computed as:
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where ∆𝑅, ∆𝐴, and ∆𝐸𝐾𝐸 are the differences in radius (R), amplitude (A), and eddy
kinetic energy (EKE), respectively, between e1 and any eddy e2 intersecting e1 (Pegliasco,
2015). The average departures (∆𝑅, ∆𝐴, and ∆𝐸𝐾𝐸) and the associated standard
deviations (𝜎∆! , 𝜎∆! , and 𝜎∆!"! ) were determined from thousands of trajectory parts
composed exclusively of single intersections between C1 and C2. The algorithm selects
the eddy at time t2 that minimizes the cost function and considers the eddy pair (e1, e2) to
be the same eddy that is tracked from t1 to t2. If no intersection is found between e1 and
any eddy e2, the eddy e1 is considered as dissipated and the trajectory is stopped.
In contrast to other tracking methods based on distance-criteria (e.g. Chaigneau et
al., 2008; Chelton et al., 2011) this algorithm as the advantage to be threshold free and
hence does not necessitate the choice of any arbitrary criterion, such as those found in
Chelton et al. (2011), which does not include eddies with lifetimes shorter than 4 weeks.
Additionally, another advantage of the Pegliasco et al. (2015) algorithm provides a more
accurate shape of the eddy, rather than a central point and a mean radius. This then
permits for observation-based studies for the vertical structure of eddies, which requires
an exact eddy shape. However, the algorithm we apply can only be applied to SLA
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products having relatively high temporal resolution, ensuring that between two
consecutive time steps the eddy contours intersect (e.g. the eddies have not travelled
more than their typical radii).
3.3 RESULTS
Between 1993 and 2014, the NIO eddy characteristics reveal a strong seasonality
regarding number of eddies, radius, amplitude, and EKE (Figure 3.1). This seasonality is
related to the strong summertime low-level jet that generates eddying (McCreary et al.,
1989; Flagg and Kim, 1998), which dominates surface current variability from June
through September (Lee et al., 2000). Eddy generation also occurs during winter as a
response to the northeast monsoon, but with lower EKEs due to the weaker wind forcing
(Schott and McCreary, 2001). For much of the year, the NIO is populated by a higher
number of CEs (average of 54.6, standard deviation of 5.4) than AEs (average ± one
standard deviation of 52.0±5.0; Figure 3.1b). During June-September, coastal upwelling
is strongest, resulting in negative SLA likely responsible for the higher number of CEs.
To study more thoroughly the eddy characteristics’ seasonality in the NIO, we
computed the monthly mean year of the eddy properties shown in Figure 3.1 (Figure 3.2).
A Wilcoxon rank sum test (Haynes, 2013) between all paired time series in Figures 3.1
and 3.2 rejected the null hypothesis that the medians of AEs and CEs are equal at the 1%
significance level. The number of AEs and CEs peaks at the onset of the summer
monsoon season, likely due to the increase of wind-driven instability, though the number
of AEs drops below that of CEs for the rest of the year (Figure 3.2a). After this peak, the
median radius, amplitude, and EKE of CEs reaches an annual minimum in July-August
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(Figures 3.2b-d). The median radius of CEs is larger than AEs in the NIO (particularly
prior to 1997 and after 2003; Figure 3.1c), except during summer (Figure 3.2b). During
the summer monsoon, CEs are most numerous and have smaller radii than AEs, though
the difference between these distributions (and that of EKE) is within one standard
deviation (Figures 3.2a-b). In contrast, median amplitude is similar for CEs and AEs
during summer, but CEs are on average characterized by slightly higher amplitudes
during the rest of the year (Figures 3.1d and 3.2c). The median radius and EKE of AEs
are highest during the summer monsoon and comparable to the ship drift EKE estimates
in Shenoi et al. (1999), when median amplitude is the same (Figures 3.2c, 3.2d). The
spatial distribution of eddy amplitude is further explored in Figures 3.3e-f.
Figures 3.3a-b shows that more eddies are observed along the Arabian Peninsula
coastal ocean region (heretofore referred to as the Arabian Peninsula) than along the
Somali Current region. However, eddies in the Somali Current region are larger in terms
of radius and amplitude (Figures 3.3c-f). Eddies with the largest mean radius were AEs
located at approximately 54°E and 8°N (Figure 3.3c), consistent with observations of the
GW (Beal and Donohue, 2013). The region of largest CE radii is located east of the AE
radius maxima (Figure 3.3d), like the trajectories seen in Figure 3.4h where CEs are
advected about the eastern boundary of the GW. The mean amplitude and EKE of CEs in
the Somali Current region is greater than that of AEs (Figures 3.3e-h). The peak mean
amplitude for AEs (CEs) in the Somali Current region and along the Arabian Peninsula is
15.5 cm (18.1 cm) and 14.4 cm (10.1 cm), which is notably higher than the average mean
SLA of 1.8 cm in Figure 3.1a (Figures 3.3e-f). During summer SW monsoon, the region
of the highest EKE is undoubtedly the Somali Current region (Figures 3.3g-h). The
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highest mean CE EKE is ~4000 cm2 s-2 while that for AEs is only ~1600 cm2 s-2, which is
characteristic for western boundary currents (Wyrtki et al., 1976; Figures 3.3g-h). The
distribution of eddy generation (which is similar to that of the distribution of eddy
dissipation, not shown) is primarily equatorial and along the west coast of India, though
this signal is likely dominated by short-lived eddies (Figures 3.3i-j). The distribution of
eddy generation is similar between AEs and CEs, but there is more AE generation along
the Somali Current than that of CEs (Figures 3.3i-j). Trajectories of these highly
energetic eddies are shown in Figure 3.4. As the number of eddies is counted each time
an eddy travels into a new pixel, the ratio between the first and last row of Figure 3.3 can
provide some insight into the movement of AEs and CEs. After filtering to ensure eddies
are not incorrectly counted twice when they do not move pixels, the sum of all pixels in
figures 3.3a (149,908), 3.3b (149,913), 3.3i (13,617), and 3.3j (12,989), we determine
that each AE trajectory contributes an average of 11.01 points in Figure 3.3a and each CE
trajectory contributes and average of 11.54 points in Figure 3.3b.
During the summer monsoon, a greater rate of eddy generation takes place along
the Arabian Peninsula than in the Somali Current region for both AEs and CEs with
maximum amplitudes of 10-20 cm (Figures 3.4a-b). Between 8°S and the equator, eddies
with amplitudes of 10-20 cm propagate westward along the path of the South Equatorial
Current (Shankar et al., 2002). During the SW monsoon, CEs of amplitudes 10-20 cm
also generate near the southernmost point of India at 8°N (Figure 3.4b). These eddies are
probably generated by Rossby waves triggered by upwelling Kelvin waves (McCreary et
al., 1993; Shankar et al., 2002; Subrahmanyam et al., 2001).
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AEs and CEs having maximum amplitudes of 20-30 cm are highly concentrated
in the Somali Current region and are less frequently generated along the Arabian
Peninsula (Figures 3.4d-e). The distribution of mean radius of the trajectories shows
larger radii for AEs than CEs in the 30-40 cm amplitude range (Figure 3.4i). For eddies
having maximum amplitudes above 40 cm, CEs along the Somali Current region tend to
propagate in a clockwise trajectory as they displace about the larger-radius AEs
(Matsuura and Yamagata, 1982; Jensen, 1991). Akuetevi et al. (2016) describes this
phenomenon of an asymmetric dipole where smaller cyclonic eddies generated by
cyclonic vorticity “bursts” characteristic of a low-latitude western boundary current circle
about their larger-radius counterparts (AEs). During the 22-year period of study, more CE
trajectories (7) than AE trajectories (2) were observed with maximum amplitudes greater
than 40 cm (Figures 3.4j-k). In general, AEs have shorter average lifespans compared to
CEs for all amplitude ranges (44, 82, 120, and 95 days for AEs and 68, 91, 170, and 141
days for CEs with maximum amplitudes of respectively 10-20, 20-30, 30-40, and >40
cm).
The anticyclonic GW has long been a feature of interest due to its consistent
annual development and strength (Findlay, 1876; Beal and Donohue, 2013). In order to
study its annual variability, Figure 3.5 shows the yearly trajectory of the AE having the
largest radius in the region located north of the equator and west of 65°E. Eddy radii
observed in this study are larger than that of Vic et al. (2014) as these authors arbitrarily
determined the eddy edge as an isocontour of SLA of +6 cm, which led to GW radii of
~180 km. Of the 22 years plotted in Figure 3.5, the GW was present during the summer
monsoon season 19 times and prior to the summer monsoon in 1996, 2004, and 2013,
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which, due to the observed westward propagation, weak mean EKEs, and consistent
latitude, is likely due to downwelling Rossby waves (Brandt et al., 2002). The GW
exhibited the largest size (maximum radius of 370-380 km) in 1993, 2007, and 2011
whereas the smallest maximal radii of 260-300 km were observed in 2002, 2009 and
2014. These 3 latter years correspond to weak monsoon years (Trott et al, 2017). The
algorithm instead detected the Southern Gyre in some years rather than the GW (2001,
2005). The decreased size of the maximum radius of the GW in weak monsoon years
may be due to the weaker Findlater Jet, leading to reduced wind-induced surface
turbulence, which would be an interesting relationship to explore in future research (Trott
et al., 2017). The GW formation and the direction of propagation strongly vary year to
year (Figure 3.5) with no clear relationship to monsoon strength or other climatic events
such as the El Niño Southern Oscillation or the Indian Ocean Dipole. To better
understand the development of the GW, ensemble means were generated of the radius,
amplitude, and EKE of the GW for years with lifespan greater than 50 days to eliminate
short-lived eddies or classifications of the Southern Gyre rather than the GW, like in
2001 and 2005 (Figure 3.5; Samelson et al., 2014). We note that the GW matures halfway
throughout its life cycle for amplitude and radius and peaks with respect to EKE about
70% into its life cycle. There is a strong decrease of these properties during the last 30%
of the GW’s life cycle (Figure 3.5).
3.4 CONCLUSIONS
We have applied an eddy identification and tracking algorithm to a 22-year (19932014) daily SLA dataset to study the characteristics (radius, amplitude, EKE) and
variability of eddies in the NIO. Long-term and seasonal eddy generation in the NIO, as a
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response to monsoonal forcing on the surface current variability, was investigated,
quantifying the statistically different characteristics of AEs and CEs. As wind magnitude,
Somali Current strength, and eddy robustness peaks during the summer SW monsoon
season, a special emphasis was given to the trajectories and characteristics of eddies
generated between June and September. The trajectories of these eddies reveal diverse
distribution of AEs and CEs depending of their maximum amplitudes. This study
concludes that in the Somali Current region during the summer monsoon, AEs are, on
average, larger in size whereas CEs have higher amplitudes and EKE. During the same
season but off the Arabian Peninsula, AEs tend to be more numerous, larger in size and
have a higher amplitude. The majority of eddies are found in the northern Arabian Sea,
but the strongest eddies are in the Somali Current outflow region. We compared the
number of eddies and eddy characteristic such as median radius, median amplitude, and
median EKE temporally to compare the stark difference between eddies during the
summer monsoon season compared to the rest of the year. We traced the trajectory of the
GW to observe annual changes in its development and propagation. The GW showed
high variability in its location of generation and direction of trajectory and its maximal
radius varied from 260 km in 2002 to 380 km in 1993.
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Figure 3.1. Mean SLA during summer (a, in cm). Evolution of the eddy characteristics in
the NIO from 1993 to 2014 for both CEs (in blue) and AEs (in red). (b) Number of
eddies; (c) eddy radius; (d) eddy amplitude; (e) eddy EKE. The time series are derived
from daily data in region (a) smoothed with a 90-day running mean from 1993 to 2014.
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Figure 3.2. Mean seasonal cycle (solid lines) and +/- one standard deviation around the
mean (dashed lines) of the eddy characteristics shown in Figure 3.1.

55

Figure 3.3. Mean spatial distribution of eddy characteristics during summer monsoon
season (June-September) for AEs (left panel) and CEs (right panel). (a-b) Number of
eddies; (c-d) radius (in km); (e-f) amplitude (in cm); (g-h) EKE (in cm2 s-2); (i-j) Number
of eddy generation.
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Figure 3.4. Trajectories of AEs (left) and CEs (right) generated during summer monsoon
season (June to September) from 1993 to 2014 with maximum amplitudes ranging
between 10-20 cm (a, b), 20-30 cm (d, e), 30-40 cm (g, h) and >40 cm (j, k). Red
asterisks correspond to the generation location of each trajectory. Boxplots show the
distribution of mean eddy radius (in km) for the trajectories plotted in (a-h).
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Figure 3.5. Trajectories of the AE having the largest maximum radius in the Arabian Sea
for each year between 1993 and 2014 (a-u) and SLA (color shading, in cm) of the day
corresponding to the largest GW radius. Trajectories are in black and red asterisks signify
the generation location of each eddy track. Mean radius (in km) is in red text, mean
amplitude (in cm) is in green text, mean EKE (in cm2 s-2) is in blue text, and lifetime (in
days) in magenta text. Bottom right panel shows the ensemble mean radius, EKE, and
amplitude for the 18 GW having a lifespan greater than 50 days.
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CHAPTER 4
EDDY-INDUCED TEMPERATURE AND SALINITY VARIABILITY IN
THE ARABIAN SEA3

_____________________________________________________________
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ABSTRACT
The eddy field in the Arabian Sea experiences seasonal wind-driven
intensification during the summer monsoon season from June through September. These
strong eddies strengthen local currents like the Somali Current and strongly impact
regional upper-level vertical and lateral advection. To investigate the multivariate
response to eddying, we apply a closed-contour eddy-tracking algorithm to sea level
anomaly maps and then examined sea surface temperature and salinity of the identified
eddies to infer whether they are surface or subsurface intensified in the Arabian Sea
during the summer monsoon. A complete understanding of the temperature and salinity
signatures reveals how Arabian Sea eddies alter upper-ocean stratification. Though both
intensification types were identified, we find a dominance of likely surface-intensified
eddies characterized by relatively warm and fresh cores for anticyclonic eddies and
relatively cool and saline cores for cyclonic eddies, particularly in the northwestern
Arabian Sea and Somali Current region.
4.1 INTRODUCTION
During the summer monsoon season from June through September, a strong lowlevel southwesterly jet forms over the western Arabian Sea (Findlater, 1977). This jet
(called the Findlater Jet; see Figure 4.1) induces surface turbulence that amplifies the
strength of the local eddy field. The generation mechanism of these eddies is primarily
wind-driven, with secondary influences of Rossby waves and local barotropic instabilities
(McCreary et al., 1993; Jensen, 2001; Trott et al., 2017). These eddies transport oceanic
properties and mainly drive local upwelling and downwelling (Boccaletti et al., 2007). As
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a result, mesoscale eddies can have a distinct sea surface temperature (SST) footprint
characterized by local extrema (Dong et al., 2011).
A multitude of algorithms have been developed to monitor the formation,
propagation, characteristics, and dissipation of mesoscale eddies. Due to the availability
of satellite-derived altimetric observations from 1993 to present and the well-studied
relationship between sea level anomalies (SLAs) and geostrophic currents, most global
eddy tracking algorithms have exclusively utilized gridded SLA fields (Chaigneau et al.,
2008; Chelton et al., 2011; Williams et al., 2011; Yi et al., 2014). However, a more
complete analysis requires consideration of other parameters such as SST and sea surface
salinity (SSS), which can have local impacts on ocean stirring and mixing processes
(d’Ovidio et al., 2004; Pasquero, 2005; Dong et al., 2011; Mukiibi et al., 2016). Before
the satellite era, the salinity and temperature characteristics of Arabian Sea eddies relied
on survey observations (Fischer et al., 1996; Schott et al., 1997). However, since the 1st
of April 2015, NASA’s Soil Moisture Active Passive (SMAP) mission provides SSS with
higher accuracy and swatch coverage than any previous SSS missions and permits for the
study of SSS eddy characteristics. Recent studies have also investigated the eddy
signature on SSS in other parts of the world’s oceans (e.g. Melnichenko et al., 2017;
Amores et al. 2018; Delcroix et al., 2019).
Mesoscale eddies can be separated into four categories based on their rotation
(cyclonic or anticyclonic) and whether they are intensified in the surface mixed layer or
in subsurface layers (Assassi et al., 2016). A surface-intensified eddy has its core,
characterized by a maximum potential vorticity, located within the mixed layer, whereas
a subsurface-intensified eddy refers to an eddy having a maximum rotation and potential
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vorticity below the mixed layer (Assassi et al., 2016). Described well by Zhang et al.
(2016), surface-intensified anticyclonic eddies have the largest deformation of isopycnals
at the surface while those intensified at the subsurface are domed above the center and
depressed below it. Likewise, subsurface-intensified cyclones have a depressed isopycnal
shape above and a domed shape below (Assassi et al., 2016). Some examples of
anticyclonic subsurface-intensified eddies include mode-water eddies (McGillicuddy et
al., 2007), intrathermocline eddies (Kostianoy and Belkin, 1989; Chaigneau et al., 2011;
Hormazabal et al., 2013; Meunier et al., 2018), and mixed layer subduction from air-sea
fluxes (Zhang et al., 2016). Subsurface-intensified cyclonic eddies have also been
observed in regions like the southeastern Baltic Sea (Zhurbas et al., 2004). In upwelling
regions driven by a constant wind along a coastal region (such as the western Arabian
Sea), McGillicudy (2015) identified the development of both surface- and subsurfaceintensified eddies, conjectured to be due to local adiabatic processes, barotropic and
baroclinic instabilities, or topographic influences (Marchesiello et al., 2003; Morel et al.,
2006; Meunier et al., 2010; Badin et al., 2011; Thomas, 2008; Draeger et al., 2018).
Fortunately, a comparison between SLA and SST anomalies provided insight to the
subsurface structure and intensification dynamics of mesoscale eddies (Caballero et al.,
2008; Bashmachnikov et al., 2013; Assassi et al., 2016). The dynamical investigation
conducted in this research is inspired by the a priori relationship between SLA and SST
anomalies determined by Assassi et al. (2016) that allows for the differentiation between
surface- and subsurface-intensified eddies from surface satellite observations only. We
take advantage of the high quality and coverage of NASA’s SMAP mission to expound
on the SSS signature of each eddy type. This research aims to quantify and explore how
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eddies in the Arabian Sea impact temperature and salinity anomalies at the surface and
throughout the mixed layer.
In the era of big data, manual analysis of transient and small-scale features such
as eddies is impractical and inefficient. The useful application of an automatic eddy
tracking method to SLA fields and then an investigation into the physical properties of
the detected eddies motivate this research. The objective of this study is to better quantify
the spatial and temporal characteristics of surface- and subsurface-intensified
anticyclonic and cyclonic eddies in the Arabian Sea during the summer monsoon seasons
from 2015 to 2018 (to align with the temporal coverage of NASA’s SMAP mission).
4.2 DATA AND METHODS
Altimetric SLAs used in this research are provided and maintained by the
Copernicus

Marine

and

Environment

Monitoring

Service

(CMEMS;

marine.copernicus.eu). This daily product is available at a 0.25° global horizontal grid
resolution and integrates observations from multiple altimeters (LeTraon et al., 1998;
Ducet et al., 2000). An advantage of altimetry is that it does not experience signal
contamination from cloud cover because it possesses an active sensor, which is
advantageous in eddy studies.
SST is from the Optimum Interpolation Sea Surface Temperature (OISST) V2
dataset from the Advanced Very High Resolution Radiometer (AVHRR) developed by
the National Oceanic and Atmospheric Administration (NOAA) and the National
Climatic Data Center (NCDC) (Reynolds et al., 2007) at a 0.25° global horizontal grid
resolution. Also at the same horizontal resolution, SSS in this study is from NASA’s
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SMAP mission. We used NASA’s Jet Propulsion Lab’s version 4.0 CAP data, which uses
SMAP’s exact 8-day orbit repeat cycle (though SMAP has near global coverage every
three days) to produce daily files from the 8-day running mean. This version accounts for
reduced brightness temperature biases and integrates galaxy and land contamination
corrections (Fore et al., 2016).
To observe the subsurface response to the detected eddies, the Mixed layer data
set of Argo, Grid Point Value (MILA GPV) product, developed and provided by Japan
Agency for Marine-Earth Science and Technology (JAMSTEC). This product contains
gridded mixed layer depths and its related temperatures and salinities in 10-day intervals
from Argo float data, which has good coverage in the Arabian Sea region (Hosoda et al.,
2011). The mixed layer product selected uses a 0.125 kg/m3 density threshold, which has
been shown to be an appropriate mixed layer depth (MLD) criteria in this region (Trott et
al., 2017; Suga et al., 2004). Each Argo profile is quality controlled as described in
Hosoda et al. (2011).
The eddy tracking method used in Pegliasco et al. (2015) and Trott et al. (2018)
was applied to SLA. First, individual eddies are identified in each daily gridded SLA
field by a center and an edge (Chaigneau et al., 2008; 2009). Positive (negative)
anomalies in SLA were respectively identified as anticyclonic (cyclonic) eddies. The
outermost closed contour around the center is defined as the eddy edge. This method
detects a lower number of false eddies than alternative methods (Chaigneau et al., 2008;
Chelton et al., 2011; Souza et al., 2011; Yi et al., 2014). Additionally, there is no
thresholding of eddies based on arbitrary criteria (Chaigneau et al., 2008; Chelton et al.,
2011) and this method produces a more accurate eddy shape.
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Eddy property anomalies for sea-surface temperature (SSTA), sea-surface salinity
(SSSA), mixed layer depth (MLDA), mixed layer temperature (MLTA), and mixed layer
salinity (MLSA), were computed as follows. First, for each eddy, its mean properties are
computed averaging each parameter between the eddy center and one radius. Second,
anomalies are computed relative to the corresponding surrounding properties averaged
between one radius and three radii from the eddy center. Warm core (cold core,
respectively) eddies, are associated with positive (negative) SST anomalies.
4.3 RESULTS
During the summer monsoon season, the Findlater Jet and its associated wind
stress synergize with the topography of the Somali coastline to induce strong upwelling
(Trott et al., 2017). Upwelled waters are then re-circulated by large-scale circulation and
mesoscale features. Climatological summer SLA (Figure 4.1a) clearly reveals strong
quasi permanent eddies like the Great Whirl around 52°E and 9°N and the Socotra Eddy
to its northeast (Akuetevi et al., 2016; Beal and Donohue, 2012; Trott et al., 2018; Figure
4.1a,b). Additionally, the SSS field reveals low salinity values within the Great Whirl
with the Arabian Sea high salinity water mass about its exterior (Beal and Donohue,
2013; Figure 4.1c). Meanwhile, lower salinity waters are advected northeastward via the
Somali Current, which outflows into the high-salinity Arabian Sea water mass (Figure
4.1c). The pattern of high MLDs in the Arabian Sea mirrors the spatial distribution of the
Findlater Jet (Findlater, 1977) and intensifies along the Somali Current outflow region
and the central Arabian Sea basin (Figure 4.1). The MLD in the Arabian Sea was
approximately 70-80m deep along the axis of the Findlater Jet and otherwise had a depth
of approximately 40m (Figure 4.1d). The temperature and salinity spatial distributions
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averaged throughout the mixed layer similarly (MLT and MLS, respectively) reflect
those of SST and SSS, clearly delineating the upwelling extent and revealing slightly
lower salinities than the surface (Figure 4.1). However, some weak differences are
observed, probably due to i) the difference in the spatio-temporal resolution of the data
sets, and ii) the satellite data that are determined from the characteristics of the skin layer
corresponding to the upper ~1 cm while that in Argo profiles corresponds to the first few
meters.
To directly compare the surface characteristics of the detected eddies, their
amplitudes, radii, Rossby numbers (R0), and average SSS and SST characteristics were
determined for each eddy detected during summer monsoon periods of 2015-2018. Eddy
amplitudes and eddy characteristics are skewed and favor smaller radii and amplitudes
(Figure 4.2). The total number of closed-contour eddies during the four summer monsoon
seasons is of 23,639 for anticyclonic eddies and 25,599 for cyclonic eddies. Figure 4.2
displays the average distribution of the eddy characteristics for each summer monsoon
season (June through September). The highest frequency amplitude of cyclonic
(anticyclonic) eddies for each monsoon season (June through September) was about 0.3
cm with ~750 (730) eddies per year. The median amplitude for both cyclonic and
anticyclonic eddies was slightly below 2 cm and there was larger skewing of anticyclonic
eddies to favor larger amplitudes. Cyclonic eddies tended to have warmer SSTA and
more saline SSSA than anticyclonic eddies. Radii were overall slightly larger for
anticyclonic eddies than cyclonic eddies, which likely influenced the higher Rossby
number for cyclonic eddies as they had smaller length scales. A majority of values for the
identified eddies was between 0.3 and 0.8, consistent with the theoretical studies of Badin
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(2013) and Ragone and Badin (2016), and suggesting that ageostrophic processes can be
important for the Arabian Sea eddies. Though the spread of SSSA and SSTA ranges
approximately between ±0.2 salinity units and ±0.4°C (Figure 4.2b-c), the vast majority
of eddies have very small anomalies, hence the small amplitudes in the amplitudeanomaly relationship in Figure 4.2d-e.
The spatial distribution of the characteristics of the detected eddies is unique for
not only each type of eddy when categorized by sense of rotation, but also when
separated by warm and cold core eddies (Figure 4.3). The distinction between warm and
cold core eddies is used to separate, as a first guess, the surface- and subsurfaceintensified eddies. Regardless of SLA or SSTA, the highest number of eddies for all eddy
types is observed in the northern Arabian Sea (Figure 4.3). The mean radii, however,
show some spatial variation. Anticyclonic warm core and cyclonic cold core eddies, both
likely associated with surface-intensified eddies (Assassi et al., 2016), revealed the
highest mean radii in the location of the Great Whirl and its surrounding eddy field.
Though the lateral distribution of upwelled waters is strongly a function of eddy-induced
advection, the intensity of SSTA is also reliant on the magnitude of upwelling, typically
identified by summer monsoon season strength (Figure 4.3). The largest radii for all eddy
types are evenly distributed along the central and southern Arabian Sea, with observed
peaks in the Great Whirl region. The region of largest eddies is shifted more northward in
the distribution of warm core anticyclonic eddies than warm core cyclonic eddies, though
both are along the Somali Current (Figure 4.3c,o). The highest amplitude eddies are
associated with Somali Current outflow and upwelling along the Arabian Peninsula. The
highest SSTA (+/- 0.5-0.7°C) coincide with the highest amplitude eddies, more
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specifically for anticyclones. For both anticyclonic and cyclonic eddies, the warm (cold)
core eddies tended to be fresher (saltier). The clearest spatial relationship between SSTA
and SSSA for eddies was for anticyclonic warm-core and cyclonic cold-core eddies,
which are likely surface-intensified (Figure 4.3). Note that the relationship between
SSTA and SSSA held true when eddies are classified using their SSSA instead of SSTA
as done in Figure 4.3 (Figure 4.4). This is due to the vertical salinity structure in the
northwestern Arabian Sea, which not only possesses a strong zonal salinity gradient
between the equatorially-sourced waters of the Somali Current and the high salinity
Arabian Sea water mass, but experiences a subsurface salinity maximum (Figure 4.5).
To better understand the impact of each type of eddy on the upper water-column
characteristics, composite analyses were conducted considering the most energetic region
(West of 63°E and North of 4°N, delineated in Figure 4.3c) associated with highamplitude eddies. Composites were normalized by eddy radius to accurately describe the
structure of each eddy type. When separating the anticyclonic eddies by warm and cold
core type (using SSTA>0 or SSTA<0), the amplitude of the mean SSTA is similar and of
±0.1°C (Figure 4.6e,g), but is extended to the southwest of the eddy in the cold core
composites and extended slightly southeast in the warm core composites. Interestingly,
both warm and cold core anticyclonic eddies have a similar SSSA signal (Figure 4.6i,k),
both in magnitude and in spatial distribution, tending to have a fresh core, anomalously
fresh waters to the south, and anomalously saline waters to the north. This pattern is seen
in MLSA to be shifted clockwise 90° (Figure 4.6j,l). In MLTA, there is an eastward
increasing temperature in warm core eddies with a positive temperature anomaly within
one eddy radius (Figure 4.6f). The MLTA in cold core eddies is very weak, with cooler
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waters to the south and west and warmer waters to the north and east (Figure 4.6h).
Interestingly, the MLDA is similar for warm core and cold core anticyclonic eddies
(Figure 4.6b, d), though it would be expected to see deepening in surface-intensified
anticyclones and shallowing in subsurface-intensified anticyclones. in surface-intensified
eddies and shallowing in subsurface-intensified eddies.
Composites of cyclonic eddies were constructed (Figure 4.7) and compared with
those of anticyclonic eddies. The results indicate that there is more difference in mixed
layer and sea surface salinity characteristics in the Arabian Sea between cyclones and
anticyclones than when cyclonic and anticyclonic eddies are separated into warm and
cold cores. Like their anticyclonic counterparts, the magnitude of the composite warm
and cold core temperature anomaly is approximately the same, but in the case of cyclonic
eddies, the SSTA center is skewed to the southwest for warm core eddies and to the
northwest for cold core eddies. The MLTA distribution between warm and cold core
eddies is opposite that of anticyclonic eddies: where anticyclonic warm core eddies have
an eastward gradient seen in the cold core cyclonic eddies and anticyclonic cold core
eddies have a northeastward MLTA gradient like that seen in cyclonic warm core eddies.
The MLSA is distributed similar in cyclonic eddies to anticyclonic eddies, but there is a
notable difference in SSSA. The anticyclonic eddies (of all temperature core types) are
anomalously fresh within one radius, however the composites of both typed of cyclonic
eddies reveal anomalously high salinity centers, feeding in to the center of the eddy from
the west in warm core cyclonic eddies and from the north in cold core cyclonic eddies.
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4.4 CONCLUSION
The eddy field in the Arabian Sea experiences high variability, particularly during
the summer monsoon season from June through September as a response to strong lowlevel wind forcing. This research builds upon the current literature of eddy study in the
Arabian Sea by exploring the characteristics of SST and SSS at the surface and
throughout the mixed layer. We apply a closed SLA contour eddy tracking algorithm and
explore the SST and SSS signatures of the detected eddies. 23,639 anticyclonic and
25,599 cyclonic eddies were identified and investigated. They were compared in terms of
amplitude, radius, SSTA, SSSA, and mixed layer depth, temperature, and salinity
anomalies. The highest number of detected eddies was in the northern Arabian Sea and
the most robust, high-amplitude eddies were found in the Somali Current outflow region
and off the coast of the Arabian Peninsula. Separation of the mean spatial characteristics
of anticyclonic and cyclonic eddies when separated by warm and cold cores revealed an
overall higher frequency of warm core anticyclonic and cold core cyclonic eddies, both of
which are likely associated with surface intensification. This research identified the
relevant eddy-driven salinity signature, finding the warm core anticyclonic eddies to be
anomalously fresh and the cold core cyclonic eddies to be anomalously saline. The
relationship also held true when filtering by fresh and saline core eddies. In a composite
analysis, the fresh cores were associated with anticyclonic eddies, even when separated
into warm and cold core eddies. The opposite was true in the composite of cyclonic
eddies, which showed to have positive SSSA cores. The surface and subsurface
characteristics were not confirmed in the MLDA, which always reflected a deepening
(shallowing) of ~3m in anticyclones (cyclones).
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In the context of monsoonal air-sea interactions, eddying in the Arabian Sea is
integral to altering local mixed layer stratification. The moisture source for the heavy
rainfall associated with the Indian summer monsoon is sourced from over the Arabian
Sea and advected by the Findlater Jet. Further investigation into the temperature and
salinity characteristics of eddies in the Arabian Sea and how they change from year to
year is integral to air-sea fluxes, particularly in the case of barrier layer development by
increased eddy-induced transfer of freshwater (Thadathil et al., 2007).
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Figure 4.1. Climatological SLA (a, in cm), SST (b, in °C), SSS (c), MLD (d, in m),
mixed layer temperature (e, MLT, in °C), and mixed layer salinity (f, MLS) for the
southwest monsoon seasons from 2015 to 2018. The Great Whirl (GW), Socotra Eddy
(SE), Somali Current (SC), and Findlater Jet (FJ) are delineated on the first panel and the
GW and SE locations are superimposed on all surface plots.
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Figure 4.2. Boxplots (a) showing distribution of eddy amplitudes (cm), radii (km), and
Rossby number. Upper panels show the binned bi-dimensional relationship between
SSTA and SSSA for each eddy with average SSTA in red squares and average SSSA in
red circles (b, c). Frequencies lower than 5 eddies have been removed. Bottom panels
show the relationship between amplitude and SSTA/SSTA for anticyclonic (red) and
cyclonic (blue) eddies (d, e). Normalized error is shaded.
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Figure 4.3. Mean spatial distribution of eddy characteristics during summer monsoon
season (June-September) from 2015 through 2018. Characteristics are (left to right)
number of eddies, radius, amplitude, Rossby number, SSTA, and SSSA. For each row,
eddies were classified whether anticyclonic and cyclonic eddies were associated with
warm (SSTA>0) or cold (SSTA<0) cores. Likely intensification type is labeled along the
right y-axis.
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Figure 4.4. Same as Figure 4.3 but separated by fresh and saline eddies.
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Figure 4.5. Argo salinity with depth averaged over the summer monsoon season (JuneSeptember) from 2015 to 2018. Depth-latitude profile of salinity is from the crosssection delineated in the left panel with a black line.
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Figure 4.6. Composites of warm and cold core anticyclonic eddies west of 63°E and
north of 4°N. MLDA = mixed layer depth anomaly, MLTA = mixed layer temperature
anomaly
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Figure 4.7. Same as Figure 4.6, but for cyclonic eddies.
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CHAPTER 5
INFLUENCE OF MESOSCALE AND SUB-MESOSCALE FEATURES
ON MIXED LAYER DYNAMICS IN THE ARABIAN SEA4

_____________________________________________________________
4

Trott, C. B., B. Subrahmanyam, & E. Nyadjro (2018). Influence of Mesoscale and SubMesoscale Features on Mixed Layer Dynamics in the Arabian Sea. Journal of
Geophysical Research: Oceans. (Under Review)
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ABSTRACT
During the summer monsoon season from June through September, lowlevel winds from the Findlater Jet induce strong mesoscale and sub-mesoscale activity
and seasonal deepening of the mixed layer. For the first time, we have investigated the
impact of mesoscale and sub-mesoscale features on the strong intraseasonal variability of
the mixed layer depth in the Arabian Sea using simulations from a reanalysis version of
the HYbrid Coordinate Ocean Model (HYCOM) and the European Centre for Mid-range
Weather Forecasting (ECMWF) ERA-Interim product. We identify and track mesoscale
and sub-mesoscale eddies using an eddy-tracking algorithm during strong and weak
summer monsoon conditions to determine the importance of mesoscale and submesoscale features on mixed layer variability during strong and weak wind forcing. We
identify frontal systems in the Arabian Sea and observe how they strengthen with depth
throughout the summer monsoon season. To quantify the role of these features on mixed
layer variability, we also explore the roles of wind forcing, evaporation, precipitation,
significant wave heights, and surface heat fluxes on mixed layer variability. A mixed
layer heat budget was computed in the Arabian Sea, finding a strong dominance of
vertical advective entrainment followed by compensation by horizontal processes
indicating strong mesoscale and sub-mesoscale activity.
5.1 INTRODUCTION
Sub-mesoscale and mesoscale features such as eddies and fronts are extremely
important for the redistribution of heat and ocean characteristics (e.g. salinity and
biodiversity) in the upper layers of the ocean. They directly alter the depth of the oceanic
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surface layer in which temperature, salinity, and density are almost vertically uniform,
also referred to as the mixed layer (de Boyer Montégut et al., 2004). The depth of the
mixed layer is highly responsive to local turbulent mixing processes and determines the
strength of interactions between the atmosphere and the ocean. The Arabian Sea is a
region of significant seasonal mixed layer variability due to the influence of the Indian
Monsoon. In the wintertime, cool and dry northeasterly winds drive convective mixing
that deepens the mixed layer, leading to the deepest seasonal mixed layers (Shankar et al.,
2015). In the summertime, strong low-level winds associated with the Findlater Jet
(Findlater, 1978) and its related Ekman dynamics also deepen the mixed layer in much of
the Arabian Sea (Jensen, 2001; Shankar et al., 2015).
Seasonality and large-scale causes of mixed layer deepening in the Arabian Sea
are well studied (Gardner et al., 1999; McCreary et al., 2001; Kumar et al., 2002).
However, quantification of the influence of mesoscale and sub-mesoscale features
throughout the Arabian Sea on the intraseasonal variability of mixed layer depth is a
necessary missing piece of fully understanding regional mixed layer dynamics.
Particularly in the western Arabian Sea (beneath the highest-magnitude winds of the
Findlater Jet), eddies and fronts in the Arabian Sea directly impact mixed layer variability
and redistribute upper-level temperature and salinity. In the western Arabian Sea, strong
eddying along the Somali Current region is due to a combination of Rossby waves and
wind-driven turbulence (amplifying the eddy field due to coastal upwelling and
barotropic instability; Trott et al., 2018). Rossby waves along 8°N directly impact the
Arabian Sea coastal circulation, as approximately 87% of seasonal hydrographic variance
in this region is due to first- and second-mode Rossby waves (McCreary et al., 1993;
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Shankar and Shetye 1997; Subrahmanyam et al., 2001; Brandt et al., 2002). These
westward propagating waves generate along the east coast of the Arabian Sea and impact
the ocean-air circulation (Brandt et al., 2002). Leetmaa (1972, 1973) factored in the direct
influence of the Findlater Jet on the Somali Current and found that wind-driven coastal
upwelling was a more immediate influencer of summertime Somali Current and eddy
generation. The negative basin-wide wind stress curl during the summer monsoon results
in intense coastal upwelling (Schott 1983; Trott et al., 2017). The local eddy field
strengthens during this time to reestablish stratification (Boccaletti et al., 2007).
Additionally, the Somali Current advects waters with low potential vorticity northward,
strengthening the lateral gradient in relative vorticity, generating barotropic instability
and providing another generation mechanism for the Great Whirl (Seo, 2017). For these
reasons, the highest intraseasonal variability of mixed layer depths in the Arabian Sea is
during the southwest monsoon season. It is extremely important to quantify the
significant mixed layer depth variability induced by horizontal processes (Fischer et al.,
2002; Zhou et al., 2017).
The Arabian Sea is a very biologically productive region, sustaining more than
120 million people on Arabian Sea fish catches as their primary form of sustenance
(Gomes, 2014). Mixed layer deepening directly impacts the vertical motion of many
marine ecosystems (particularly those reliant on photosynthesizing species) and further
understanding of the variability of the mixed layer is directly relevant to coastal
communities and economies that rely on local fisheries. As a result, the majority of
current sub-mesoscale process studies in this region are biologically focused
(Madhupratap et al., 1996; Gauns et al., 2005; Kumar and Narvekar, 2005).
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Variability in mesoscale and sub-mesoscale eddy features has an immediate yet
understudied influence on mixed layer depth in the Arabian Sea. The strength of the
Findlater Jet is the primary determinant of average basin-wide mixed layer depth, but the
mixed layer dynamics vary longitudinally throughout the Arabian Sea. In the western
Arabian Sea, deepening of the mixed layer responds to large eddies such as the Great
Whirl and Socotra eddy. In the eastern Arabian Sea, low salinity waters from the Bay of
Bengal impact upper level stratification, shallowing the mixed layer depth. While the
mean seasonal cycle of mixed layer deepening has been well studied, the horizontal
advection term in mixed layer budgets often oversimplifies the complexity of mesoscale
and sub-mesoscale features such as salinity and temperature fronts and eddies. Additional
conditions in the Arabian Sea that deepen the mixed layer are high significant wave
heights as a response to the Findlater Jet and high evaporation rates that outweigh the
stratification influences of the relatively low precipitation and incoming solar radiation.
One objective of this study is to understand the role of mesoscale and sub-mesoscale
eddy features on mixed layer variability and how it varies from year-to-year.
While the study of sub-mesoscale features using satellite data has been limited by
spatial resolution of satellite missions, continuous altimetry missions have permitted for
study of larger mesoscale eddies (Brandt et al., 2002; Fischer et al., 2002; Pascual et al.,
2006). Fortunately, the advent of the Surface Water Ocean Topography (SWOT) mission
(scheduled to launch in 2021 by NASA) will provide the high-resolution observations
necessary for identifying and investigating ocean eddies on the sub-mesoscale level.
Studies that focus on sub-mesoscale eddying are necessary for the preparation of
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thorough application of SWOT observations, which will drastically help with these kinds
of studies.
The seasonal cycle and large-scale causes of mixed layer deepening in the
Arabian Sea are well studied, with wind-forced deepening in the summer and buoyancyforced deepening in the winter. However, there is currently insufficient knowledge
regarding mixed layer variability on mesoscale and sub-mesoscale spatial scales. While it
is known that there is a strong summertime eddy field in the Arabian Sea, some critical
questions have remained unanswered. It is unknown how much advection of temperature
and salinity filaments is done by eddies in the Arabian Sea, how much horizontal
advective processes at the mesoscale and sub-mesoscale levels influence mixed layer
depth variability, and whether fluctuations in temperature or salinity are more influential
on mixed layer deepening, all of which motivate this study.
5.2 DATA AND METHODS
A. DATA USED
This study uses simulations from the HYbrid Coordinate Ocean Model
(HYCOM), obtained from the Naval Research Laboratory at Stennis Space Center,
Mississippi. HYCOM is a product of the HYCOM Consortium for data-assimilative
ocean modeling and is run at the Navy Department of Defense Supercomputing Resource
Center (Metzger et al., 2009). HYCOM is a high-quality, high-resolution ocean model
with an equatorial horizontal resolution of 0.08º, which makes it eddy resolving for the
sub-mesoscale and mesoscale features that are a focus of this study. The hybrid
coordinate system employed by HYCOM permits the model to simulate realistic ocean
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dynamics. This coordinate system employs isopycnal coordinates in the stratified ocean,
pressure coordinates to simulate the mixed layer and unstratified ocean, and terrain
following coordinates in shallow waters. To study the influence of mesoscale and submesoscale features in the Arabian Sea on mixed layer depth, we utilize salinity,
temperature, sea surface height, and mixed layer thickness from HYCOM. HYCOM is a
state-of-the-art ocean model with appropriate resolution for this study and with
appropriate spatial and temporal coverage to study mesoscale and sub-mesoscale features
in the Arabian Sea and its relationship to mixed layer variability.
Atmospheric variables and fluxes used in this study are obtained from the
European Centre for Mid-range Weather Forecasting (ECMWF) ERA-Interim product.
Like HYCOM, this is a daily product, but with a 1º horizontal grid resolution. We used
ECMWF winds, evaporation, precipitation, incoming solar radiation, and significant
wave heights to be consistent with the work of Kumar and Narvekar (2005). For the
computation of the heat budget terms following the methodology in Nyadjro et al. (2012),
outgoing longwave radiation and latent and sensible heat fluxes were also obtained from
ECMWF ERA-interim reanalysis. This product is an improved version of the previous
ERA-40 reanalysis, as it exhibits a more accurate representation of the hydrological
cycle, stratospheric circulation, and temporal consistency of the reanalyzed fields (Dee et
al., 2011).
B. METHODOLOGY
The mesoscale features investigated in this study are separated into two
categories: eddies and fronts. The approach for the identification of eddies is the closed-
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contour method used in Pegliasco et al. (2015) and Trott et al. (2018), which tracks the
movement of eddies using a cost function to compare the movement of each closed
contour between daily files. First, each local sea surface height minimum and maximum
was identified. Next, the edge of the eddy was identified as the largest sea surface height
closed contour. To track each eddy throughout its lifetime, a cost function was used:
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to track each eddy from time t1 (e1) to time t2 (e2), where ΔR, ΔA, and ΔEKE are the
differences in radius (R), amplitude (A), and eddy kinetic energy (EKE), between the two
eddies (Pegliasco et al., 2015). The average values (∆𝑅, ∆𝐴, and ∆𝐸𝐾𝐸) and their
standard deviations (𝜎∆! , 𝜎∆! , and 𝜎∆!"! ) were calculated from thousands of trajectories.
The eddy trajectory is constructed using the similarly-rotating eddy within the closed
contour with the smallest cost function. The trajectory ends if there is no subsequent eddy
within the edge of eddy e1. The advantage of this approach when compared to other
tracking methods (e.g. Chelton et al., 2011 and Chaigneau et al., 2008) is that it is
threshold-free and detects a more accurate eddy shape. The distinction between
mesoscale and sub-mesoscale was done via filtering the maximum radius of each eddy.
Eddies with maximum radii less than 100 km were determined to be sub-mesoscale,
while those with maximum radii larger than 100 km were identified as mesoscale.
The methodology for the identification of fronts followed that used in Kao and
Lagerloef (2014), who used the Aquarius salinity satellite mission to observe frontal
structures in the tropical Pacific. They defined magnitude of a front as the square root of
the sum of the zonal and meridional gradients and noted that salinity fronts were
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strongest in regions with significant riverine output and around freshwater pools, both of
which are present in the eastern Arabian Sea. The equation for the magnitude of the
salinity front is:

∇𝑆 =

∇𝑆! ! + ∇𝑆! !

(5.2)

where ∇ Sx and ∇ Sy are the zonal and meridional salinity gradients and ∇𝑆 is the
magnitude of the salinity gradient. The magnitudes of temperature fronts are calculated
with the same approach, but with salinity in equation (5.2) replaced by temperature.
HYCOM integrates multiple mixed layer models to calculate mixed layer depth.
It uses a combination of a K-Profile Parameterization model (KPP, Large et al., 1994;
1997), the Princeton Ocean Model (Mellor and Yamada, 1982; Mellor 1998), a quasibulk dynamical instability model (Price et al., 1986), Kraus-Turner slab model (Kraus
and Turner, 1967; Niiler, 1977), and a turbulence model (Canuto, 2000; Canuto et al.,
2001; 2002). KPP parameterizes background internal wave breaking, shear instability
mixing, and double diffusion (referring to salt fingering as well as diffusive instability)
well in the ocean interior and parameterizes surface buoyancy fluxes, convective
instability, and wind-driven mixing in the surface boundary layer (Wallcraft et al., 2003).
All of the utilized mixing schemes are kept up to date (Chassignet et al., 2007). Further
description of all mixing schemes can be found in Chassignet et al. (2007).
For this study, we compute MLD as the depth at which the potential density
difference from the 10 dbar value is equal to the threshold of de Boyer Montegut et al
(2004),
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Δ! = 𝜎 𝑇!" − 0.2, 𝑆!" , 𝑃! − 𝜎 𝑇!" , 𝑆!" , 𝑃!

(5.3)

where T10 and S10 are temperature and salinity at 10 dbar and P0 is sea surface pressure.
Calculation of heat budget terms follows the methodology presented in Nyadjro et
al. (2012), which follows the work on Swenson and Hansen (1999) and Kurian and
Vinayachandran (2007) and can be described as
!"
!"

=!
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! !! !

!"

!"

− 𝑈 !" − 𝑉 !" − 𝑊! ∆𝑇 ℎ!! + 𝐷

(5.4)

where T is the vertically averaged HYCOM temperature throughout the mixed layer
(denoted by h) and

!"
!"

its time rate of change. ECMWF net near-surface heat flux is 𝑄! ,

the specific heat capacity of seawater is 𝐶! (4.0 × 103 J kg-1 K-1), U and V are HYCOM
zonal and meridional currents respectively, 𝑊! is the entrainment velocity, ∆𝑇 is the
difference between the average mixed layer temperature and the temperature 10 m below
the mixed layer. As in Stevenson and Niiler (1983), 𝑊! is computed as:
𝑊! = 𝐻

where

!!
!"

!!
!"

+ 𝒗. ∇ℎ + 𝑤!

(5.5)

is the rate of the mixed layer deepening, 𝒗. ∇ℎ is the horizontal velocity at the

base of the mixed layer multiplied by the horizontal gradient of the MLD, and wh is the
vertical velocity at the base of the mixed layer. H, the Heaviside unit function, equals
!!

!!

zero for a shoaling mixed layer ( !" <0) and equals 1 for a deepening mixed layer ( !" > 0).
D represents the residual term, which includes processes that we were unable to calculate
such as diffusion and diapycnal mixing.
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5.3 RESULTS
A. REGIONAL CHARACTERISTICS
Indian summer monsoon season strength is determined by anomalous rainfall over
India measured by the Indian Institute of Tropical Meteorology (Parthasarathy et al.,
1992, 1994, 1995; Trott et al., 2017). Years with June-July-August-September total
rainfall over India exceeding 10% of the long-term mean (from 1870 to 1990) are defined
as strong monsoons and those with summer monsoon seasons less than 10% below the
long-term seasonal mean are defined as weak monsoon seasons (Trott et al., 2017). Due
to the transient nature of mesoscale and sub-mesoscale features, it is advantageous to
select the most extreme active and break monsoon seasons rather than use the composite
means of the events, which would average out the features that are the focus of this study.
Additionally, there has only been one active monsoon season in recent years (1994) and
multiple break monsoon seasons (2002, 2004, 2009, 2014, 2015), so it would not be
dynamically consistent to compare the daily variability of one year with that of the
average of five years. These reasons advised our use of 1994 and 2002 to respectively
represent the strong and weak monsoon seasons.
During the strong summer monsoon, the highest amount of sub-mesoscale activity
(measured by number of eddies with maximum radius less than 100 km) occurs during
the peak of the summer monsoon season (July 30th; Figure 5.1). Positive wind stress over
the Somali Current region induced by the Findlater Jet reaches its seasonal peak at this
time, with a spatial maximum located offshore of the northeastern Somali Coast (Figure
5.1b). The dynamic oceanic response is reflected in the significant wave height (Figure
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5.1d), which enhances surface mixing (Kantha and Clayson, 2004; Wu et al., 2015;
Thomson et al., 2016). Other air-sea influences on mixed layer variability is that of solar
heating and the balance between evaporation and precipitation, where regions that are
precipitation-dominated and experience high solar heating experience shallow mixed
layers and strong stratification (Kumar and Narvekar, 2005). However, it is important to
note that the Arabian Sea experiences higher rates of evaporation than precipitation,
which is yet another reason for deepening of the mixed layer (Kumar and Narvekar,
2005). This mechanism of mixed layer deepening is that the atmospheric fluxes result in
higher surface salinity, leading to densification of the surface waters and mixed layer
deepening through convection (Kumar and Narvekar, 2005). Strong eddies like the Great
Whirl around 9°N, 52°E and the Socotra Eddy to its northeast (Figure 5.1g) clearly
deepen the mixed layer at its most extreme locations (Figure 5.1h).
However, during the weak monsoon season (here using 2002, the year with the
weakest summer monsoon season in approximately the last three decades), the day with
the highest number of sub-mesoscale features is interestingly later in the summer
monsoon season (September 11th; Figure 5.2). In part due to the peak of sub-mesoscale
activity being in September, following the strongest Findlater Jet magnitude, and in part
due to year-to-year variability, the atmosphere-ocean fluxes that impact mixed layer
deepening are extremely different. The wind magnitude, resultant wind stress, and
significant wave height are all weaker across the entire basin (Figure 5.2). While the
evaporative rates still exceed those of precipitation (Figure 5.2c), the difference is much
smaller than that during the strong monsoon season, thus favoring increased stratification
and a shallower mixed layer, as does the observed stronger incoming solar radiation.
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Because the atmospheric forcings do not support enhanced deepening of the mixed layer,
the only clear spatial response is again to eddies like the Great Whirl and Socotra Eddy.
The relationship between mesoscale and sub-mesoscale eddies and mixed layer
deepening is directly dynamically related to the intensity of the summer monsoon season.
The quantification of the influence of mesoscale and sub-mesoscale features on the mixed
layer dynamics relative to other atmospheric and oceanic factors is thus of great
importance and worthy of further investigation.
When comparing the eddy characteristics under the two different monsoon
conditions in the Arabian Sea (the entire region shown in Figures 5.1 and 5.2), it is
interesting to note a higher number of eddies in the weak monsoon year than the strong
monsoon year with radii less than 100 km and amplitudes smaller than 2 cm (Figures 5.3
and 5.4). The number of eddies throughout the summer monsoon season of 1994 (Figure
5.3a) shows a steady increase for the number of cyclonic eddies and a decrease following
the peak in the second week of July for anticyclonic eddies. Examination of the radii and
amplitudes of the anticyclonic and cyclonic eddies in this region reveals that anticyclonic
eddies in this region have larger radii and smaller amplitudes for much of the summer
monsoon season. This is consistent with the results of Trott et al. (2018).

Large

anticyclonic eddies like the Great Whirl and Socotra Eddy have been known to advect
smaller cyclonic dipoles whose low sea surface heights are sourced from upwelled waters
along the Somali Coast and Arabian Peninsula (Beal and Donohue, 2013; Akuetevi et al.,
2016). For this reason, large anticyclonic eddies in this region have been observed to
coalesce (Schott et al., 2009; Akuetevi et al., 2016), which explains the decreasing
number of anticyclonic eddies following the second week of July (Figure 5.3a) while
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maintaining overall larger radii and smaller amplitudes (which are so strong in cyclonic
eddies along upwelling zones). Trott et al. (2017) found a higher number of large
anticyclonic eddies (with amplitudes greater than 20 cm) in the Arabian Sea during
stronger monsoon seasons. This conclusion is reinforced in this study, as the number of
cyclonic and anticyclonic eddies is more similar (though is higher overall due to more
frequent sub-mesoscale eddy development), as is the radii of the two eddy circulation
types (Figure 5.4b). The amplitude is still approximately 1 cm greater for cyclonic eddies
throughout much of the summer monsoon season, again due to the strong local upwelling
(Figure 5.4c; Jensen et al., 2001).
B. EDDY CHARACTERISTICS
The spatial distribution of the characteristics investigated in Figures 5.3 and 5.4
further confirm the conclusions inferred by the time series. For both circulation types in
both types of monsoon seasons, the highest number of eddies was along the coast of the
Arabian Peninsula, which is known for high sub-mesoscale activity (Madhupratap et al.,
1996; Gauns et al., 2005; Kumar and Narvekar, 2005). In the strong monsoon season of
1994, high eddying is found north of the central Findlater Jet in the Persian Gulf,
followed by the Gulf of Aden (Figures 5.5a-b). However, in the weak monsoon season,
though there are local maxima in the aforementioned gulfs, the spatial distribution of submesoscale eddies (characterized by the small radii in Figures 5.5g-h) is more evenly
spread throughout the northern Arabian Sea (Figures 5.5c-d). The most robust
anticyclonic eddies (in terms of radius and amplitude) are consistently in the Somali
Current region (Figure 5.5e,g,i,k). The highest-amplitude eddies of both circulation types
are constrained to north of 8°N and 63°E, apart from a single large cyclonic eddy in the
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Southern Gyre region (spatially shown in Trott et al., 2017) that peaks in August and
persists throughout September. Overall, the highest number of eddies was found in the
northern Arabian Sea due to the high amount of sub-mesoscale activity, the largest-radius
eddies were found in the Somali Current region, and the highest-amplitude eddies we
located in the two strongest upwelling regions – in the Somali Current region associated
with the large Somali Current eddies and along the coast of the Arabian Peninsula.
The trajectories of the detected eddies reveal the spatial differences in eddy
generation, propagation, and dissipation between the two monsoon seasons at multiple
classes of eddy radii to distinguish between mesoscale and sub-mesoscale activity. We
have filtered out the eddy trajectories by radius, finding strong equatorial eddy generation
at all radii (Figures 5.6-5.7). However, many of these are short-lived. When filtering for
the more robust eddies (greater than 150 km; Figures 5.6j-l), the eddy field is more
similar to what would be expected, with propagation around the Somali Current region
and in the northern Arabian Sea. The smallest anticyclonic eddies (signifying submesoscale activity) were found in the Persian Gulf, the Red Sea, and the Gulf of Aden for
both the strong and weak monsoon year (Figures 5.6a, 5.7a), but more frequently in the
weak monsoon year (Figure 5.7a). The rest of the sub-mesoscale anticyclonic eddies for
both years were found in the equatorial and eastern Arabian Sea, but not in the Somali
Current outflow region, which is generally associated with larger eddies. The submesoscale cyclonic eddy development in both years was found along two bands – one
along the equator and one throughout the entire basin oriented in a northwesterlysoutheasterly direction (Figures 5.6b, 5.7b).
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For eddies with a maximum radius between 50 km and 100 km (representing the
larger sub-mesoscale eddies), there is still eddy generation in the Persian Gulf, the Red
Sea, and the Gulf of Aden for both circulation types (though with a slightly higher
frequency for anticyclonic eddies). The regions of peak eddy development with a
maximum radius between 50 km and 100 km are again in the two aforementioned bands,
but also throughout the northern Arabian Sea, particularly off the coast of Kathiawar. For
eddies with a maximum radius between 100 km and 150 km (representing the smaller
mesoscale eddies), there is no eddy development in the Persian Gulf. Eddies of this size
are found throughout the Arabian Sea, though with a higher density along the equator
(Figures 5.6g-h, 5.7g-h).
Eddies with a maximum radius greater than 150 km (medium and large mesoscale
eddies) reveal latitudinally varying zonal bands of anticyclonic and cyclonic eddy
development, with anticyclonic eddy development and propagation along 3ºN and 3ºS
and cyclonic eddy development and propagation along the equator and 8ºS. There is clear
generation of anticyclonic eddies that propagate to the Great Whirl region in both years,
as are the clockwise trajectories of cyclonic eddies about the edge of large eddies like the
Great Whirl and Socotra Eddy.
C. INTRASEASONAL VARIABILITY
Intraseasonal mixed layer variability responds to different processes in the
western and eastern Arabian Sea (de Boyer Montegut et al., 2007). Sea surface
temperatures (SSTs) in the western Arabian Sea experience variability primarily due to
vertical processes and horizontal advection, while the eastern Arabian Sea is dominated
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by latent heat flux anomalies (de Boyer Montegut et al., 2007). In Figures 5.8 and 5.9, it
is clear that there is a strong relationship between wind magnitude and mixed layer depth.
In the strong monsoon season of 1994, the wind forcing over the Arabian Sea (but
especially so over the western Arabian Sea due to the positioning of the Findlater Jet)
directly deepens the mixed layer. The strength of the winds and mixed layer deepening is
stronger in the strong monsoon of 1994 than the weak monsoon of 2002. Because both
the eastern and western coastal boundaries of the Arabian Sea experience seasonal
upwelling, the seasonal minimum in both the eastern and western Arabian Sea slightly
lags the seasonal wind magnitude maximum. In the western Arabian Sea in both years,
the regional sea surface salinity (SSS) continues to decrease due to the influx of fresher
waters sourced from the Bay of Bengal and Indonesian Throughflow. While the basinwide SSTs increase back to mean annual temperatures after the wind speed maximum,
the SSS in the western Arabian Sea continues to freshen until mid-September in the
strong monsoon and until September 1st in the weak monsoon. Sea surface heights (SSH)
follow an intraseasonal trend similar to that of SSTs in both zonal halves of the Arabian
Sea. In the eastern Arabian Sea, the SSTs are higher due to less extreme regional
upwelling.
However, in the eastern Arabian Sea, SSS increases throughout both summer
monsoon seasons (Figures 5.8, 5.9). In the strong monsoon season, this increase is
relatively steady (Figure 5.8d), while in the weak monsoon season, the increase is
strongest from the beginning of June through mid-July (Figure 5.9d). During the summer
monsoon season, the basin-wide circulation in the Arabian Sea is clockwise, advecting
waters from the high salinity Arabian Sea water mass into the West Indian Coastal
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Current (WICC; Schott and McCreary, 2001). Prior to the summer monsoon season, the
WICC is much fresher than the Arabian Sea waters because during the winter monsoon,
it flows northwestward along the western coast of Indian and receives source waters from
the westward-flowing Winter Monsoon Current, which during the winter monsoon is
sourced from the Bay of Bengal, which is very fresh due to high riverine discharge and
precipitation rates that exceed evaporative rates (Schott et al., 2009). During the summer
monsoon, the WICC reverses and feeds into the now-saline Summer Monsoon Current
that advects high-salinity Arabian Sea waters eastward about the southern tip of India
(Schott and McCreary, 2001; Schott et al., 2009).
The incoming net solar radiation experiences high intraseasonal variability due to
the changes in regional cloud coverage. In the strong monsoon season, the incoming net
solar radiation is higher in both the eastern and western Arabian Sea than in the weak
monsoon season. In 2002, the net solar radiation is fairly consistent throughout the full
season except for a period in the middle of June attributed to a local convective system
(Ullah and Gao, 2012). In the strong monsoon season, though there are more
intraseasonal fluctuations, the overall net solar heat flux is higher in both the eastern and
western Arabian Sea. The Arabian Sea is known to be a region where evaporative rates
exceed precipitation rates, which favors deeper mixed layers (Kumar and Narvekar,
2005). For all regions of the Arabian Sea in all monsoon seasons, the basin is
evaporation-dominant except for a high-precipitation event in the second week of June
1994, which can be attributed to Severe Cyclonic Storm ARB 01 (classified by the Indian
Meteorological Department), which occurred in the Arabian Sea from June 5 through
June 9 of 1994. In the western Arabian Sea, there is a seasonal decrease in the
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evaporation minus precipitation in both years at approximately the same rate. In the
eastern Arabian Sea, the basin is more evaporation dominated in the strong monsoon than
the weak monsoon.
High significant wave heights are also associated with deeper mixed layers.
Kantha and Clayson (2004) studied the effects of surface gravity waves on the oceanic
mixed layer and found that the breaking waves associated with large significant wave
heights injects turbulent kinetic energy near the surface. This process generates Langmuir
cells that increases the mixing throughout the mixed layer, thus resulting in larger mixed
layer depths (Kantha and Clayson, 2004). As seen in Figures 5.1 and 5.2, the majority of
high significant wave heights can be found throughout the central basin in the same
spatial distribution as the wind speeds associated with the Findlater Jet. In the strong
monsoon season of 1994, there is a seasonal decrease in significant wave heights,
particularly in the eastern Arabian Sea, where it falls below 1 m by the end of September.
In the strong monsoon season, the decrease in significant wave heights throughout the
season is of a similar magnitude between the eastern and western Arabian Sea. The local
peaks in the time series of significant wave heights in both regions in both years
corresponds with low-level wind bursts and are seen in the intraseasonal variation of
mixed layer depths. Large significant wave heights and stronger winds are known to
increase shear at the bottom of the mixed layer (de Boyer Montegut et al., 2007) and
enhance evaporative cooling (which in this case leads to more extreme evaporationdominant conditions and further favor deeper mixed layers), which overall strengthens
vertical mixing.
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D. FRONTS WITH DEPTH
In the western Arabian Sea, the advection induced by lateral processes counteracts
subsurface vertical processes (Gent and McWilliams, 1990). This is because the lateral
processes attempt to neutralize the frontal development that is frequently seen in strong
upwelling zones (Gent and McWilliams, 1990; de Boyer et al., 2007). To observe the
subsurface response to basin-wide eddy development, we present a longitude-depth plot
of salinity, temperature, and mixed layer depth across the Arabian Sea at 10ºN to
effectively capture (i) the two coastal upwelling regions along the western and eastern
coast of the Arabian Sea, (ii) the high-energy Arabian Sea eddy field about 60ºE, (iii) the
central Arabian Sea basin, and (iv) the relationship between temperature, salinity, and
mixed layer depth throughout all longitudes of the Arabian Sea. We present this crosssection at monthly intervals (selecting the first day of each month) to observe changes in
upper-level stratification throughout the summer monsoon season.
At the beginning of the summer monsoon season, stratification is very similar
between the strong and weak summer monsoon seasons (Figures 5.10a-b). There is a
clear zonal gradient in SSS with fresher waters to the east in the WICC region sourced
from the Bay of Bengal. At this time, this mixed layer depth is approximately uniform
about 50 m depth (Figures 5.10a-b). Once the summer monsoon begins and the Findlater
Jet strengthens, the mixed layer depth shallows strongly along the Somali Coast in both
years (to 10.0 m in the strong monsoon and 9.0 m in the weak monsoon) and deepens
throughout the rest of the basin (to maximums of 98.7 m in the strong monsoon and 81.1
m in the weak monsoon). By July 1st, the WICC has already become more saline (Figures
5.10c-d) and the eastward advection of high salinity is clear throughout the summer
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monsoon season of both years, as is the intensification of the high-salinity water mass,
generally attributed to the evaporation-dominant conditions throughout the basin.
Mesoscale variations in mixed layer depth, particularly in the western Arabian Sea, are
generally attributed to eddying. In 1994, there is a lifting of subsurface waters at 58ºE
during August and September seen in locally shallower mixed layer depths and a lifting
of the 23ºC isotherm. In 2002, there are many more frequent local peaks in mixed layer
depths associated with isothermal eddy-induced shoaling, particularly at 56ºE and 58ºE.
Mixed layer depths are consistently deeper in the strong monsoon season than the weak
monsoon. On August 1st, the minimum and maximum mixed layer depths are 13.6 m and
116.1 m, while the minimum and maximum mixed layer depths in 2002 are 7.4 m and
100.0 m. Under the weaker wind forcing, the mixed layer depths in 2002 in September
(Figure 5.10h) are nearly back to their original state (Figure 5.10b) with a minimum value
of 5.5 m near the eastern boundary of the Arabian Sea and a maximum value of 59.9 m at
55.8ºE, right in the middle of the Arabian Sea eddy field.
Through depth-longitude cross sections, it is clear that the mixed layer depth in
the western Arabian Sea is most responsive to a few strong eddies and has stronger
central deepening due to larger basin-scale low-level wind magnitudes and significant
wave heights, while the mixed layer depths in the weak monsoon has more spatial
variation due to smaller and more frequent eddying and reverts more quickly to its premonsoonal stratification conditions. Along the western coast of the Arabian Sea, mixed
layers shallow due to strong upwelling, characterized by low temperatures sourced from
the lifting of deeper waters and relatively fresh waters sourced from the subsurface and
from Indonesian Throughflow (Trott et al., 2017). The mixed layer depths in the central
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basin are slightly shallower than the bottom of the high-salinity water mass in the central
Arabian Sea. Mixed layer depths in the eastern Arabian Sea experience the least
intraseasonal fluctuations and the upper-level water column in this region remains well
stratified, as would be expected by waters from the Bay of Bengal.
E. HEAT BUDGET
To quantify the role of mixed layer processes on the two dynamically different
regions of the Arabian Sea, we have computed and presented results of a heat budget in
Figure 5.11. The total temperature tendency (dT/dt in Figure 5.11 denoted by a black
line) represents the HYCOM change in daily temperature and contains all components of
the temperature equation (equation 2). The largest component of the net heat flux in both
years in the western Arabian Sea is the vertical component due to entrainment advection
(Figure 5.11a,c). This term is particularly high during August, the peak of the summer
monsoon season and acts to cool the mixed layer temperature. This is consistent with
results in the prior section where strong upwelling, leading to reduced temperature, was
observed. While entrainment advection is also the largest term in the eastern Arabian Sea
(with similar impact on mixed layer temperature as in the western Arabian Sa), it is
however notably weaker as expected since upwelling in this basin is weaker than in the
western Arabian Sea basin. Likewise, the amplitudes of all heat budget terms in the
eastern Arabian Sea are smaller in all monsoon conditions than that of the western
Arabian Sea (Figure 5.9). This probably stems from the temperature tendency being less
variable in the eastern Arabian Sea than the western Arabian Sea. For much of the
summer monsoon season in the western Arabian Sea, the horizontal advection terms are
of an opposite sign because the two processes work against each other to re-stratify the
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mixed layer (Figure 5.11a,c; de Boyer Montegut, 2007). In this basin, while the zonal
advection term tends to cool the mixed layer temperature, the meridional advection term
tends to do the opposite. The net horizontal advection term’s impact in the western
Arabian Sea is a predominantly cooling tendency during earlier the months of the
summer monsoon and warming tendency during the later months of the summer monsoon
season (Plot not shown). In the Indian Ocean, this process is especially important in the
Somali Current region (Schiller and Ridgeway, 2013). In the eastern Arabian Sea
however, the horizontal advective term (mainly a cooling effect) is controlled by the
meridional advection term as the zonal advection component is nearly zero throughout
the summer monsoon season. The solar heat flux term increases throughout the summer
monsoon season, peaking in September in the western Arabian Sea of both years, and
acts mainly to warm the mixed layer temperature. It is expected that the residual term is
largest in regions with substantial mesoscale and sub-mesoscale activity like the Somali
Current region (Schiller and Oke, 2014).
5.4 CONCLUSION
Variability of mixed layer depth in the Arabian Sea is extremely important for
physical and biological processes. While it is well known that strong low-level winds
deepen the basin-wide mixed layer from June through September, the role of mesoscale
and sub-mesoscale features on intraseasonal mixed layer variability has been
underexplored, partly due to the coarse resolution of altimetric measurements that do not
resolve processes at the sub-mesoscale. In this study, we identify eddies using a closedcontour eddy tracking algorithm and investigate their characteristics and identify frontal
systems using the methodology used in Kao and Lagerloef (2014) and traced their
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progression throughout the summer monsoon season with depth. We investigated the role
of mesoscale and sub-mesoscale process in the context of all potential sources of mixed
layer variability, including forcing due to wind stress, the balance between evaporative
and precipitation rates, significant wave heights, and solar fluxes.
We compare the year-to-year and intraseasonal differences between these forcings
between strong and weak monsoonal conditions. The characteristics of the eddy fields
between the two monsoonal conditions are investigated, finding a tendency for mesoscale
eddy development in the Somali Current region and sub-mesoscale eddy development in
the northern Arabian Sea and along the coast of the Arabian Peninsula. We separate the
influences of mixed layer depth by the eastern and western Arabian Sea as they
experience vastly different horizontal processes (high wind forcing, strong eddying, and
substantial upwelling in the west and a more stratified water column and increasing
salinity in the east). The zonal differences in processes is confirmed with a latitude-depth
cross section of salinity, temperature, and mixed layer and via a heat budget analysis. The
heat budget analysis notes strongest variability of heat fluxes in the mixed layer in the
western Arabian Sea, primarily dominated by vertical advective entrainment and partially
compensated by horizontal processes, which represent mesoscale and sub-mesoscale
activity. Peaks in advective entrainment corresponded with decreases in temperature
tendency throughout the Arabian Sea in all monsoon conditions.
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Figure 5.1. ECMWF (a) incoming solar radiation (J/m2), (b) wind stress (N/m2), (c)
evaporation minus precipitation (m), (d) significant wave height (m), (e) HYCOM sea
surface temperature gradient (ºC/m), (f) sea surface salinity gradient (psu/m), (g) sea
surface height (m), and (h) mixed layer depth (m) for the day with the highest number of
eddies with maximum radius less than 100 km for the strong monsoon season of 1994
(i.e. July 30, 1994).
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Figure 5.2. ECMWF (a) incoming solar radiation (in J/m2), (b) wind stress (in N/m2), (c)
evaporation minus precipitation (in m), (d) significant wave height (in m), (e) HYCOM
sea surface temperature gradient (in deg C/m), (f) sea surface salinity gradient (in psu/m),
(g) sea surface height (in m), and (h) mixed layer depth (in m) for the day with the
highest number of eddies with maximum radius less than 100 km for the weak monsoon
season of 2002 (September 11, 2002).
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Figure 5.3. Eddy characteristics in the Arabian Sea during the strong summer monsoon
season of 1994. AE = Anticyclonic Eddy. CE = Cyclonic Eddy.
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Figure 5.4. Same as Figure 5.3 but during the weak summer monsoon season of 2002.
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Figure 5.5. Number of eddies (top row), median eddy radius (middle row), and median
eddy amplitude (bottom row) for anticyclonic (AE) and cyclonic (CE) eddies for the
strong monsoon of 1994 (left two columns) and weak monsoon of 2002 (right two
columns).
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Figure 5.6. Trajectories of eddies during the strong summer monsoon of 1994 with a
maximum radius (top row) between 0 and 50 km, (second row) between 50 and 100 km,
(third row) between 100 and 150 km, and (fourth row) greater than 150 km. The box
plots show the distribution of average eddy radius (km) and red asterisks signify the
generation point of each eddy.
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Figure 5.7. Trajectories of eddies during the weak summer monsoon of 2002 with a
maximum radius (top row) between 0 and 50 km, (second row) between 50 and 100 km,
(third row) between 100 and 150 km, and (fourth row) greater than 150 km. The box
plots show the distribution of average eddy radius (km) and red asterisks signify the
generation point of each eddy.
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Figure 5.8: Intraseasonal variation of box-averaged MLD and 10-m wind speed in the
eastern (a, 50-65ºE, 6-20ºN) and western (b, 65-77ºE, 6-20ºN) Arabian Sea for the
summer monsoon season of 1994. Panels (b, c) are SSH, SSS, and SST for the same
regions. Panels (e, f) are net solar radiation, evaporation minus precipitation, and
significant wave height for the same regions.
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Fig 5.9: Intraseasonal variation of box-averaged MLD and 10-m wind speed in the
eastern (a, 50-65ºE, 6-20ºN) and western (b, 65-77ºE, 6-20ºN) Arabian Sea for the
summer monsoon season of 2002. Panels (b, c) are SSH, SSS, and SST for the same
regions. Panels (e, f) are net solar radiation, evaporation minus precipitation, and
significant wave height for the same regions.

111

Fig 5.10: Depth-longitude plot of the Arabian Sea at 10ºN during the first day of each
month during the summer monsoons of 1994 and 2002. Filled color is salinity (psu) and
contours are temperature (ºC). Red line is the mixed layer depth.
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Figure 5.11: Intraseasonal variation of box-averaged heat budget terms in the western and
eastern Arabian Sea region for 1994 (a-b) and 2002 (c-d). Zonal and meridional heat
advection are represented by U and V respectively. Entrainment is represented by Z and
(dT/dt) is the temperature tendency.
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CHAPTER 6
DECADAL VARIABILITY IN FRESH AND SALT WATER
EXCHANGES IN THE NORTHERN INDIAN OCEAN5

_____________________________________________________________
5

Trott, C. B., B. Subrahmanyam, V. S. N. Murty, & J. F. Shriver (2019). Decadal
Variability in Fresh and Salt Water Exchanges in the Northern Indian Ocean. Ocean
Dynamics. (Under Review)
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ABSTRACT
Upper-ocean dynamics in the Northern Indian Ocean (NIO) depend on changes in the
magnitude and location of the high salinity waters of the Arabian Sea and low salinity
waters of the Bay of Bengal. The large sea surface salinity (SSS) differences between
these two basins are related to the surface freshwater flux (evaporation minus
precipitation), which is positive (negative) in the Arabian Sea (Bay of Bengal). To
quantify large-scale salinity changes on decadal time scale over the whole water column
and to study trends in salinity and volume transport, we have analyzed Simple Ocean
Data Assimilation (SODA) reanalysis product, HYbrid Coordinate Ocean Model
(HYCOM) simulations, European Centre for Medium-Range Weather Forecasting’s
(ECMWF) ERA-Interim reanalysis product, and riverine streamflow data from the
National Centers for Atmospheric Research’s (NCAR) Global River Flow and
Continental Discharge Dataset for the NIO. We find increased freshening conditions in
the Bay of Bengal and salinification conditions in the Arabian Sea that would support a
stronger zonal SSS difference in the NIO, but that it is partially compensated by positive
(negative) salt transports into the BoB (Arabian Sea). EOF analysis of SODA SSS
indicates that the main factors of SSS variability are Indian Ocean Dipole and El NiñoSouthern Oscillation and seasonal currents. The trends in the volume transport reveal
decadal changes in zonal equatorial currents in HYCOM and Somali Current in SODA.
6.1 INTRODUCTION
The two major basins that characterize the northern Indian Ocean (NIO) are the
high-salinity Arabian Sea on the west and the significantly fresher Bay of Bengal on the
east. The strong zonal sea surface salinity (SSS) gradient of the NIO is closely related to
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the regional dynamics of the hydrological cycle. Pisharoty (1965) and Ghosh et al. (1978)
describe the moisture flux from the evaporation-dominant Arabian Sea to the Indian
subcontinent by low-level monsoon winds (Tyagi et al., 2012). During the southwest
(summer) monsoon season (June through September) this atmospheric circulation results
in substantial precipitation over the Indian subcontinent and the Bay of Bengal. The Bay
of Bengal receives major river runoff from the Ganges, Brahmaputra, Godavari,
Mahanadi, and Irravady (Varkey et al., 1996), and influences its SSS and the resultant
high stratification in the mixed layer (Han et al. 2001; Thompson et al. 2006; Durand et
al. 2007; Sharma et al. 2007; Pant et al. 2015; Zhang et al. 2016; Kido and Tozuka 2017).
The NIO is the only ocean that undergoes seasonal reversal of wind-driven
circulation under the influence of seasonal reversal of monsoonal winds (Krishnamurti
1979; Shankar et al. 2002). Seasonal current reversal is responsible for injection of highsalinity waters eastward from the Arabian Sea into the Bay of Bengal by the summer
monsoon current (SMC) during southwest monsoon and flow of low salinity waters in the
opposite direction by the winter monsoon current (WMC) during northeast monsoon
(December-February), both of which are located at the southernmost point of India
(Schott and McCreary 2001; Shankar et al. 2002). Jensen (2001) determined maximal
current speed of 0.6 m/s in the WMC in January and 1 m/s in the SMC in July and
August when using a model to exclusively study the exchange of salt between the two
basins and compared his model currents with an observational study by Schott et al
(1994). Murty et al. (1992) observed the influences of forcings such as low-level winds
and river influx on property distributions in the Bay of Bengal and determined that the
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region north of 15°N and east of 89°E is strongly influenced by freshwater inputs up to
40-90 m depths and advection by wind-driven circulation south of 15°N.
Previous decadal studies of the Indian Ocean have historically focused on sea
surface temperature (SST) and the Indian Ocean Dipole (IOD) due to the relationship
between high SSTs and deep convection. Clark et al. (2000) examined the relationship
between decadal SST variability and its association to monsoon activity and found a
positive correlation in the tropical Indian Ocean. Ashok et al. (2004) opined that decadal
variability is of importance when observing IOD events. Kucharski et al. (2006)
expounded on the results of both these studies by describing the mechanism between
anomalous SST events on Hadley Cell circulation and NIO rainfall.
There are two major studies regarding decadal change in salinity in the NIO.
Boyer et al. (2005) analyzed salinity measurements from the World Ocean Database 2001
(WOD01) to determine linear trends in salinity for the world ocean from 1955 to 1998
from the surface up to 3000 m depth. They detected increased salinification at all
latitudes in the upper 150 m and subsurface freshening south of the equator from 250 to
1000 m depth. Durack and Wijffels (2010) noted a global trend of SSS increase in
evaporation-dominated regions and SSS decrease in precipitation-dominated regions,
indicating a strengthening of the global water cycle. They detected increasing salinity in
the Arabian Sea and freshening in the Bay of Bengal. However, an analysis of the
mechanisms of salt transport in the Indian Ocean by Nyadjro et al. (2011) determined a
significant influence of zonal advection and freshwater forcings on SSS variability, which
must be considered when studying the long-term dynamics of the upper layers of the
NIO.
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Our objective in this study is to conduct a decadal analysis of salinity in the
Indian Ocean and the corresponding physical mechanisms using SODA and HYCOM.
This research improves upon previous understanding of salinity trends on a decadal time
scale by connecting the decadal trends of major regions of the NIO to the regional
atmospheric and oceanic circulations. Here, we analyze decadal trends in the exchange of
high and low salinity waters between the two NIO basins from 1993 to 2012 from a new
perspective – that of four major water masses: the high salinity Arabian Sea water (6069°E, 12-22°N), basin exchange region (70-85°E, 4-10°N), the low salinity Bay of
Bengal water (84.5-94°E, 12-21°N), and the low salinity Indonesian Throughflow (91101°E, 5-15°S). The rest of the paper is organized as follows. Section 6.3 and its
subsections outline the data sets and methodology used in our research. We investigate
the hydrological cycle in section 6.4. Section 6.4 also explores salinity variability and
presents transports as a function of depth and discusses our findings regarding depthintegrated transports. The last part of section 6.4 concentrates on decadal salinity trends.
Section 6.5 provides a summary and conclusion of this study.
6.2 DATA AND METHODS
A. IN SITU OBSERVATIONS
Global monthly streamflow data for the world’s largest 925 rivers was used in this
study from the National Centers for Atmospheric Research’s (NCAR) Dai and Trenberth
Global River Flow and Continental Discharge Dataset. This dataset includes observations
from those described in Dai and Trenberth (2002), Dai et al. (2009), and the Global
Runoff Data Centre (GRDC). The GRDC database consists of more than 9000 stations
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and is the most comprehensive global streamflow data available (Dai 2017). The Dai and
Trenberth Global River Flow and Continental Discharge Dataset is lauded by Papa et al.
(2012) as an accurate estimate of continent-to-ocean freshwater flux and is similar to
other estimates of the Ganges-Brahmaputra discharge (Vörösmarty et al. 1996; Fekete et
al. 2000). Chaitanya et al. (2014) also refer to both the Papa et al. (2012) and the Dai and
Trenberth Global River Flow and Continental Discharge Dataset for accurate
climatological discharges in this region. The Ganges-Brahmaputra river discharge in this
dataset was from 1956 to 1996, for which we used the full time period.
B. HYCOM MODEL AND REANALYSIS DATA
Monthly outputs from a reanalysis version of HYCOM (https://hycom.org) fields
with a horizontal resolution of 1/12° (about 7 km at the mid-latitudes and ~8 km at the
equator) and 41 layers in the vertical were used to compute salt and volume transports
from January 1993 to December 2012. HYCOM was derived from the Miami Isopycnic
Coordinate Ocean Model (MICOM), as described in Bleck and Boudra (1981) and Bleck
and Benjamin (1993). The full description of HYCOM can be found in Metzger et al.
(2014). HYCOM uses a hybrid isopycnal/σ/z coordinate system that is isopycnal in the
open stratified ocean, uses a terrain-following coordinate in shallow coastal regions, and
z-level coordinates in the mixed layer. This coordinate system permits intersecting
sloping topography by allowing zero thickness layers in order to improve modeling of
ocean dynamics due to more accurate simulation of local processes, particularly in
coastal regions (Chassignet et al. 1996). The Navy Coupled Ocean Data Assimilation
(NCODA) system is used to assimilate available satellite altimetry (courtesy of the Naval
Oceanographic Office Altimeter Data Fusion Center), satellite and in situ SST,
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Expendable Bathythermograph (XBT) in situ vertical temperature profiles, Argo floats,
and moored buoys (Cummings 2005). Atmospheric forcings are from the NAVy Global
Environmental Model (NAVGEM; Hogan et al. 2014). The global version of HYCOM
we are using is eddy resolving and it allows for Indonesian Throughflow, so it is well
suited to help us address our questions of interest.
For a decadal analysis, monthly Simple Ocean Data Assimilation (SODA)
reanalysis version 3.3.1 temperature, salinity, and subsurface currents from 1993 to 2012
were used, and mapped onto a 0.25° x 0.25° Mercator horizontal grid at 50 vertical
levels. This version uses the global ocean/sea ice component of the GFDL CM2.5
coupled model (Delworth et al. 2012) and uses 15.4 million hydrographic profiles from
the World Ocean Database 2013 (WOD13) and bathythermograph data as described in
Levitus et al. (2009) as well as in situ and remotely sensed SST (Woodruff et al. 2011;
Casey et al. 2010; Ignatov et al. 2016). The data assimilation algorithm is described in
Cart on et al., 2018. SODA is forced by multiple analyses, including NASA’s ModernEra Retrospective Analysis for Research And Applications version 2 (MERRA-2, Gelaro
et al. 2017), the European Center for Medium Range Weather Forecast’s atmospheric
reanalysis interim product (ERA-Interim, Dee et al. 2011), DRAKKAR Forcing Set 5.2
(DFS 5.2, Dussin et al. 2016), the Coordinated Ocean Research Experiments version 2
(CORE2, Large and Yeager 2004), and the Japan Meteorological Agency 55 year
reanalysis (JMA-55, Kobayashi et al., 2015).
In HYCOM and SODA, the Palk Strait is open. Models used for transport
calculations typically close the Palk Strait due to its negligible flow, so leaving it open
provides an opportunity for HYCOM and SODA to overestimate its flow (Kurian and
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Vinayachandran 2007; Rao et al. 2011). However, despite opening the Palk Strait,
HYCOM and SODA are both commonly used for transport calculations in the Indian
Ocean (Carton and Giese 2008; Trenary and Han 2008; Grunseich et al. 2011; Nyadjro et
al. 2011; Nyadjro et al. 2013; D’Addezio et al. 2015). Additionally, the first layer of
each model (1 m depth in HYCOM and 5 m depth in SODA) is adequate for resolving
the SSS (Cahyarini et al. 2008; Grunseich et al. 2011; Nyadjro et al. 2013; Yuhong et al.
2013; Melzer and Subrahmanyam, 2015).
Evaporation and precipitation data sets used in this study are sourced from the
European Centre for Medium-Range Weather Forecasting’s (ECMWF) ERA-Interim
reanalysis monthly dataset from 1993 to 2012 at a horizontal resolution of 1° x 1°. The
ERA-Interim atmospheric reanalysis is coupled to an ocean-wave model and has
improved outputs of the hydrological cycle than its predecessor ERA-40 (Berrisford et al.
2011).
C. METHODS
Zonal SSS transport was computed using the approach presented in Nyadjro et al
(2011). These authors evaluated transports using the surface salinity budget, directly
evaluating transports from zonal hydrographic sections, and estimating the divergence of
meridional transport. To compute the depth-integrated zonal salt transport (Fs) for SODA
and HYCOM layers, each layer was integrated using
F! =
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!

y, z . S y, z dydz
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(6.1)

where ρ is the sea surface density (1023 kg/m3), S is salinity (defined as x10-3 to ensure
proper units of surface salinity transport), and u is zonal velocity (m/s) for each depth
layer. H is the water depth (here taken as the ocean floor in depth-integrated transports),
z0 is the ocean surface, and L is the meridional expanse (m). Additional elaboration on
this method can be found in Nyadjro, et al. (2011).
Volume transport (Fv) in Sv (1 Sv = 106 m3/s) was computed using
F! =

!!
!!
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u
!
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(6.2)

using the same defined variables as equation (6.1).
We applied an empirical orthogonal function (EOF) analysis to better understand
the spatial and temporal variability of SSS in the Indian Ocean over the period of study
from January 1993 to December 2012. EOF analysis is a statistical method that uses
orthogonal eigenvectors to determine the percentage of variance in the dataset of the
analyzed parameter into modes of variability, which can then be connected to physically
relevant patterns rather than noise based on previous research. Our EOF of a single field
is derived from the work of Bjornson and Venegas (1997). Decadal trends from January
1993 to December 2012 were estimated using a least squares linear regression fit
(Watson 1967; Dytham 2011). To test trend significance at the 95% confidence level, an
alpha of 0.05 was used.
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6.3 RESULTS
A. Hydrological cycle and sea surface salinity in the Northern Indian Ocean
Figure 6.1a shows the mean annual variation of SODA SSS in the Indian Ocean
highlighting the different hydrological cycles in the basins of NIO and low salinity region
in the southern tropical Indian Ocean. The Arabian Sea is characterized with high salinity
as it is an evaporation-dominant basin and the Bay of Bengal is a precipitation (plus river
runoff) dominant low salinity basin. The regions selected for this study to analyze
changes in salinity are shown in Figure 6.1a. These regions are the high salinity waters of
the Arabian Sea (box A), the seasonal salinity exchange between the Arabian Sea and
Bay of Bengal (box B), the fresher Bay of Bengal waters (box C), and the Indonesian
Throughflow (ITF, box D). The ITF is a westward current driven by the upper-level
pressure gradient between the western equatorial Pacific and eastern equatorial Indian
Ocean (Schott and McCreary, 2001).

From the 1993 to 2012 linear trend in SSS

distribution (Figure 6.1b), we find an overall positive linear salinity trend (determined by
the mean slope value of the regression equation at each 1°x1° grid), which is very high in
the southeastern Arabian Sea and the central equatorial Indian Ocean (Figure 6.1b). The
linear trend is significant at the 95% confidence level from the Somali Current region to
the eastern equatorial Indian Ocean and southwestern Indian Ocean (Figure 6.1b).
Climatological evaporation (E, Figure 6.1c), precipitation (P, Figure 6.1d), and
evaporation minus precipitation (E-P, Figure 6.1e) are presented to illustrate the spatial
relationship between SSS and regional atmospheric processes. In the Arabian Sea, E-P is
positive (Figure 6.1e) due to reduced precipitation (Figure 6.1d), while E-P in the Bay of
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Bengal (Figure 6.1e) is generally negative and responds more to the strong annual
precipitation (Figure 6.1d). The exchange region between the two major basins also
displays a negative E-P, though it is not as strong as the Bay of Bengal due to annual high
precipitation (Figure 6.1d, e). Distribution of SSS in the ITF region is most similar to E
and P when compared to the other three regions (Figure 6.1e). Its high precipitation is
due to the presence of Inter-tropical Convergence Zone (ITCZ; Annamalai et al. 2003).
SSS in this region is highly responsive to the seasonal variations in evaporation
(E; which leads to salinification) and precipitation (P; which leads to freshening). Figure
6.2 presents the climatologies of ECMWF E, P, and the E-P in the tropical Indian Ocean
for the study period of 1993-2012. Evaporation is consistently high in the two basins
during NE monsoon (December, January, and February) and SW monsoon (June, July,
and August). In the NE monsoon, evaporation is the highest in the Arabian Sea and in the
SW monsoon it is high at 15°S and the southern Arabian Sea. Wintertime precipitation is
constrained to the southern tropical Indian Ocean, but in the SW monsoon the
precipitation is very heavy over Bay of Bengal, the northeastern quadrant of the Indian
Ocean. The distributions of precipitation and evaporation in the NE monsoon cause the
box A (Arabian Sea) and box C (Bay of Bengal) to be evaporation-dominant from
December through February. However, in the SW monsoon, the increased summertime
heating causes stronger convection over NIO and leads to higher precipitation and the EP distribution (Figure 6.2f), similar to that of its annual mean (Figure 6.1e).
To determine decadal changes in the seasonal hydrological cycle over the
Indian Ocean, Figure 6.3 presents the 20-year linear decadal trend of E, P, and E-P with
contoured regions where the trend is significant at a 95% confidence level. The trend
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(determined by the mean slope value of the linear regression equation at each grid point)
in each parameter was calculated for each grid and the increase in each parameter over
the entire period is shown. Our most notable results indicate an increase in precipitation
during both monsoon seasons, resulting in a more precipitation-dominated (and
ultimately fresher) Indian Ocean in 2012 than 1993. Trends in evaporation are
statistically significant at a 95% confidence level in the southern Indian Ocean (as is that
of precipitation during the NE monsoon). The increasing precipitation trend in the
northeastern Indian Ocean during the SW monsoon is statistically significant at the 95%
confidence level. When comparing the E-P linear trends, the SW monsoon shows
significantly stronger evaporation-dominated conditions east of Madagascar and
significantly stronger precipitation-dominated conditions in the Bay of Bengal, all using a
95% confidence interval (Figure 6.3f).
B. Salinity variability in the tropical Indian Ocean
To better observe temporal variability in salinity in the four selected regions
denoted in Figure 6.1, monthly box-averaged deseasonalized (using decadal means)
SODA salinity anomalies from 1993 to 2012 at depths of 5 m and 100 m were computed
(Figure 6.4). In the AS box, BoB box, and the AS-BoB Exchange region, there is a
variation between 1993 and 2003 with mostly negative SSS anomalies and the large
negative SSS peaks coincide with the IOD event of 1997-98 (which is later discussed in
an EOF analysis). Spatial shifts of convection in the equatorial Indian Ocean associated
with IOD events directly impact salinity due to the new spatial distributions of
evaporation and precipitation anomalies (anomalous winds also contribute greatly). The
IOD events also impact salinity in the Indian Ocean indirectly via advection by the
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anomalously strong surface currents driven by the anomalous surface winds (Yu and
Reinecker, 1999). During the negative IOD events, westerly wind anomalies strengthen
along the equator and help advection of Arabian Sea high salinity waters towards
Sumatra region (Yu and Reinecker, 1999). At the same time, low salinity waters are
injected into the Indian Ocean from the Western Pacific Ocean. This effect cascades
across the entire Indian Ocean due to the presence of Rossby waves (Durand et al. 2013;
Du and Zhang 2015; Li et al. 2016; Kido and Tozuka 2017). This is confirmed via Argo
observations (Grunseich et al. 2011; Subrahmanyam et al. 2011) and model and
reanalysis studies (Zhang et al. 2013). From the time series plots, one can see a change in
SSS in the BoB in HYCOM and AS-BoB box in SODA (Figure 6.4). In the other two
boxes, phase change is minimal at decadal scale (Figure 6.4). Hence, we can say that
there is no appreciable decadal variation in SSS in the Arabian Sea and ITF region.
C. Volume Transports
Meridional volume transport with depth up to 350 m in the four Box regions of
study as computed using SODA and HYCOM is shown in Figure 6.5a-d. All figures in
this section are from January 1993 to December 2012 and are standardized with depth.
This choice of depth limit was to show the strongest transports, as the meridional volume
transports (standardized with depth) throughout the rest of the water column were
relatively weak. This is expected in monsoonal regions, as the currents are primarily
wind-driven, hence the strongest transports at the surface (Figure 6.5). Results show a net
southward flow near the surface in all boxes in SODA and HYCOM, but HYCOM shows
a weak northward volume transport in the Arabian Sea at 40 m to 110 m depth (Figure
6.5b) and relatively weak southward flow compared to SODA in the top 100 m of the
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BoB (Figures 6.6b). Both SODA and HYCOM show very similar distributions with depth
of volume transport in the ITF region (Figure 6.5d). The strongest meridional volume
transports are in the basin exchange region within the top 300 m, likely from the East
India Coastal Current and West India Coastal Current (as the WMC and SMC are
primarily zonal currents) and in the top 100 m of the ITF region. However, box-averaged
meridional volume transports are the strongest in the ITF region (Figure 6.5d). As box D
(Figure 6.1) is slightly north of the latitudes of strongest ITF westward transport (which
is from 8.5°S to 22°S), it is likely that much of the southward transport of box D is
sourced from the Bay of Bengal (and not the ITF itself). Meridional salt transports with
depth for the same box regions as in Figure 6.5 reveal identical depth profiles to that of
volume transports (Figure 6.6).
The zonal depth-integrated salt and volume transports along the ITF region
(114°E, 22°S to 8.5°S, identified in the 114°E section in Figure 6.1a) in SODA and
HYCOM show different vertical distribution among the two products, but consistently
larger SODA estimates are seen for zonal salt and volume transports (Figure 6.7). The
ITF region is typically fresh due to high amounts of local precipitation (and from
precipitation in the western Pacific Ocean).
D. DEPTH-INTEGRATED TRANSPORTS
The annual mean net meridional depth-integrated salt transports (Figure 6.8) in
both SODA and HYCOM reveal that the tropical Indian Ocean is a net salt exporter to
the equatorial region and southern tropical Indian Ocean. The northward (positive) and
southward (negative) full depth-integrated SODA and HYCOM salinity transports (seen
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along the left and right of Figure 6.8) reveal salt convergence and divergence in the
latitudinal bands (Figure 6.8). Due to its location of basin exchange, 8°N is the latitude at
which transports enter and exit the two basins of the NIO. In the Arabian Sea, both
products show a net salt transport out of the basin (Figure 6.8). This is not unexpected, as
the source currents (the Somali Current in the summertime and the WMC feeding into the
West India Coastal Current in the wintertime) are fresher than the Arabian Sea water
mass (Figure 6.8). It is important to mention that to these transports one should note the
Ekman transport, which is a function of surface winds. The annual mean Ekman transport
is directed equatorward in the Indian Ocean across the 8°N section (Chereskin et al.,
1997). The same effect is seen in the BoB, where the depth-integrated transports for both
products show increased salt also flowing out of the Bay (Figure 6.8). As the currents in
the ITF region are annually westward, it is not surprising that all transports are westward
and into the Indian Ocean in both products (Figure 6.8). In both the products, the depthintegrated volume transports are same across 8°N section and in the ITF region. There is
a discrepancy in the salt transports – one reason is the salinity changes in these products.
The HYCOM salt transports are relatively weak. Salt convergence takes place between
equator and 10°S in the SODA product (left side scale in Figure 6.8) and between equator
and 5°N in the HYCOM product (right side scale in Figure 6.8).
Though the volume and salt transports showed nearly identical distributions with
depth in all four boxed regions, there was notable latitudinal variation between the two
transport types (Figures 6.9). Figure 6.9 compares SODA and HYCOM meridional salt
and volume transports with latitude. In SODA meridional salt transport is southward
south of 15°S, but in HYCOM there is strong latitudinal variation, which impacted the
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latitudinally averaged bands in Figure 6.8 (Figure 6.9b). The same pattern is seen in the
meridional volume transports of the two products (but at different magnitudes).
To determine the long-term trends of salt and volume transports in the Indian
Ocean, linear trends of depth-integrated (from the surface to the ocean floor) zonal and
meridional salt and volume transports were found during 1993-2012 using HYCOM
(Figure 6.10) and SODA (Figure 6.11). The transport trends and regions of significance
were very different between the two products. In HYCOM, the zonal salt and volume
transports showed increasing westward flow about the equator and increasing eastward
flow at approximately 5°S, which could indicate northward shifting of the south Indian
Gyre or (more likely, due to the full zonal extent across the Indian Ocean) latitudinal
movement of the zonal equatorial currents. The highest-magnitude trends in the HYCOM
meridional transports were in the southeastern Indian Ocean, which may be due to
increased local eddying based on the spatial distribution of northward and southward
transports.
However, in SODA, the regions with the most significant trends were along the
Somali Current and at the Somali Current outflow region in the central Arabian Sea
(Figure 6.11). There is no significant trend in zonal equatorial currents in SODA zonal
and meridional salt and volume transports indicate an increased southwesterly Somali
Current that advects waters sourced from the high salinity Arabian Sea water mass. In
both HYCOM and SODA, the similar spatial relationship between the trends (including
statistical significance at the 95% level) indicates that multi-decadal trends in salinity
transports are due to changes in local currents rather than changes in salinity.
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E. DECADAL TRENDS IN SSS
We have conducted EOF analysis on monthly SODA SSS of the NIO to better
understand decadal variability in SSS (Figure 6.12a-f).

It appears that the NIO is

undergoing an increase in salinity, in the most recent years with the most significant
variability in the first mode to be concentrated in the region of the Arabian Sea Mini
Warm Pool (ASMWP) with the Principal Component (PC) Analysis showing major
freshening events in the 1990s. This is likely due to increased fresh water trapping from
the Bay of Bengal in the southeastern region of the Arabian Sea, as there is increased
fresh water in the BoB in recent years (though this trapping is only for 3 months –
December-February; Subrahmanyam et al., 2011). This first EOF accounts for 56.8% of
the total SSS variability for the region shown in Figure 6.12 and is due to ENSO and IOD
events, as shown by the overlaid Dipole Mode Index (blue) and ENSO 3.4 Index (red). In
the PC of the first EOF, there are large negative SSS events from 1993 to 2003 that
signify freshening with peaks corresponding to IOD and ENSO events (Figure 6.12d).
The exchange region (Figure 6.12a) shows large positive SSS despite the freshening
events in the PC because the NIO experiences high salinity from 2003 to 2010, as seen in
the PC for the first EOF. This region coincides likely with the large negative SSS in the
PC (freshening events) during 1990-2003 that coincides with ENSO and IOD events.
Similarly, the loading region in the Bay of Bengal also would correspond to
salinification.
The second EOF accounts for 13.7% of the total variability. The second EOF
shows a zonal dipole in the Arabian Sea with increasing salinity to the east and
decreasing salinity to the west, consistent with a strengthening of surface currents during
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the summer monsoon (Figure 6.12b). During this time, relatively fresh equatorial waters
feed into the Somali Current region (Trott et al., 2017) and the West India Coastal
Current advects the high-salinity northern Arabian Sea waters into the southeastern
Arabian Sea region. Despite the application of a 10-year running mean to the monthly
SODA SSS, this is a clearly seasonal cycle, as confirmed by the second PC (Figure
6.12e). The third EOF, which accounts for 12.9% of the variability, seems to imply
separate salinification trends in the central and eastern Arabian Sea and the rest of the
NIO (Figure 6.12c). The third PC also indicates that this is due to Indian Ocean dipole
events.
River discharge from major systems (particularly the Ganges-Brahmaputra)
strongly influences the salinity of the basin on a decadal scale. Figure 6.13 shows the 41year timeseries of annual river discharge from two stations from 1956 to 1996. The 41year linear trend of this data indicates increasing discharge at a rate of 5730 m3/s/decade,
which directly leads to decadal changes in salinity (Vinayachandran et al. 2015). This
trend is significant at the 95% confidence level. Decreases in the major source of fresh
water into the northern Bay of Bengal are sure to have significant impacts on the local
salinity and regional mixed layer structure. There appears to be a decadal oscillatory
signal in the Ganges-Brahmaputra river discharge with peaks approximately 15 years
apart. The positive trend in Ganges-Brahamputra river runoff over the 41 years shows
increases in freshwater flux, causing decrease in salinity. This contradiction may be
explained due to the fact that the G-B river runoff during the recent decades might be
reduced.
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6.4 CONCLUSIONS
In this study, we conducted a decadal analysis of salinity in the Indian Ocean
using SODA and HYCOM. To more accurately describe the spatial and temporal salinity
changes, we examined four major bodies of water - the Arabian Sea (60-69°E, 12-22°N),
the AS-BoB basin exchange region (70-85°E, 4-10°N), the Bay of Bengal (84.5-94°E,
12-21°N), and the Indonesian Throughflow (91-101°E, 5-15°S). We compared E and P
that change oceanic SSS with an emphasis on the hydrological cycle to determine how
changes in spatial dominance of evaporation and precipitation relate to SSS distribution.
We quantified the increasing magnitude of tropical precipitation and noted a statistically
significant trend of increasing precipitation during the SW monsoon season over the Bay
of Bengal, from 1993 to 2012.
Variability in salinity at 5 m and 100 m depths in the four box regions of study
were studied temporally and with a wavelet analysis, finding that there was a higheramplitude decadal signal in SODA at both depth levels than in HYCOM. SODA was also
more responsive to IOD and ENSO events, which was later confirmed through an EOF
analysis. Salt and volume transports for the four regions of study were compared with
depth for SODA and HYCOM. We found the strongest transports in all regions of study
to be zonal in the ITF region. Meridional salt transports with depth for the same box
regions as in Figure 6.5 reveal identical depth profiles to that of volume transports. The
depth-integrated zonal salt and volume transport for all products show similar vertical
distributions.
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Meridional full depth-integrated salt transports show that the southern tropical
Indian Ocean is a net salt exporter over the period of 1993 to 2012. However, southward
salt transport is not equal at all latitudes and varied in magnitude between the two
products. There is some salinity compensation between the depth-integrated salt
transports and the intensification of the hydrological cycle. While the changes in
evaporation and precipitation favor a stronger zonal salinity gradient in the NIO, the
multi-decadal salt and volume transports indicate an increase of freshwater into the saline
Arabian Sea and increased salinity transports into the fresher BoB.
The biggest difference between the two products was seen when comparing the
multi-decadal transport trends between HYCOM and SODA. HYCOM noted the highestmagnitude significant trends to be in the zonal equatorial currents, while SODA noted
more change in the Somali Current region. The spatial distribution of salt and volume
transports for both products revealed that changes in salinity in this region (depthintegrated) are due to changes in local currents between the two products.
We applied EOF analysis to monthly SODA SSS in the NIO to determine spatial
variability from 1993 to 2012. The first PC shows major freshening events in the 1990s
and significant variability in the first mode in the Arabian Sea Mini Warm Pool region
due to the influence of ENSO and IOD events. The second EOF is like that of monsoon
currents and the third mode is also due to IOD events, though with a different spatial
pattern than the first EOF. There is a decadal signal of the Ganges-Brahmaputra river
discharge over a 41-year period (1956-1996) with peaks approximately 15 years apart
indicating increasing discharge at a rate of 5730 m3/s/decade.
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Figure 6.1. Mean annual (a) SODA SSS, (b) coefficients of regression of SODA SSS
from 1993-2012 based on a linear trend (psu/decade), (c) E (mm/day), (d) P (mm/day),
and (e) E-P (mm/day). Boxes A-D denote the regions of study and the black line at 114°E
in panel (a) denotes the region where ITF transports are computed. Black contours in
panel (b) show regions where the linear trend is significant under an alpha of 0.05.
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Figure 6.2. Mean seasonal climatologies of ECMWF E (top row), P (middle row), and EP (bottom row) for the NE (left) and SW (right) monsoon seasons (all in mm/day) over
the period 1993-2012.
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Figure 6.3. Coefficients of regression (denoting the slopes of each regression line at each
grid cell) for the parameters in Figure 2 based on a linear trend (all in mm/day/decade).
Black contours show regions where the linear trend is significant under an alpha of 0.05.
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Figure 6.4. Box-averaged deseasonalized SODA (in blue) and HYCOM (in red) salinity
anomalies from 1993 to 2012 for the Arabian Sea (60-69°E, 12-22°N), Arabian Sea and
Bay of Bengal basin exchange region (70-85°E, 4-10°N), the Bay of Bengal (84.5-94°E,
12-21°N), and Indonesian Throughflow (91-101°E, 5-15°S) at 5 m (solid lines) and 100
m (dashed lines). Salinity anomalies were computed with respect to decadal monthly
mean values to remove the seasonal cycle.
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Figure 6.5. Box-averaged monthly meridional volume transport over the period of 1993
to 2012 standardized with depth for SODA (red), and HYCOM (blue) for (a) box A, (b)
box B, (c) box C and (d) box D (all marked in Figure 1a). Y-axis is depth in meters and
dashed lines represent ±1 standard deviation. The standardization with unit depth is the
reason for the units of Sv/m.
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Figure 6.6. Same as Figure 6.5, but for salt transports (psu Sv/m).
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Figure 6.7. Zonal salt and volume transports normalized with depth for SODA and
HYCOM along the ITF region (114°E, 22°S to 8.5°S). Dashed lines represent ±1
standard deviation.
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Figure 6.8. Annual mean depth-integrated net salt transports (psu Sv) from SODA (black
text and arrows) and HYCOM (red text and arrows) across the 8°N latitude covering
Arabian Sea basin (red line) and Bay of Bengal basin (blue line) and 114°E longitude in
the ITF region. Averages of meridional salt transports for each 5° latitudinal band (in psu
Sv) on the left of figure is for SODA and along the right of the figure for HYCOM.
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Figure 6.9. Comparison of latitudinal variation of transports between SODA (dashed) and
HYCOM (solid) in the Indian Ocean. Panel (a) is meridional salt transport and panel (b)
is meridional volume transport.
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Figure 6.10. Coefficients of regression based on a linear trend for (a) zonal volume
transports, (b) meridional volume transports, (c) zonal salt transports, and (d) meridional
salt transports from 1993-2012 using HYCOM. Black contours show regions where the
linear trend is significant under an alpha of 0.05. Volume transport trends are in
Sv/decade and salt transport trends are in psu*Sv/decade.
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Figure 6.11. Coefficients of regression based on a linear trend for (a) zonal volume
transports, (b) meridional volume transports, (c) zonal salt transports, and (d) meridional
salt transports from 1993-2012 using SODA. Black contours show regions where the
linear trend is significant under an alpha of 0.05. Volume transport trends are in
Sv/decade and salt transport trends are in psu*Sv/decade.
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Figure 6.12. EOFs and PCs of monthly (1993-2012) SODA SSS (a-c) and their temporal
variability (d-f). Each map has been normalized (temporal eigenvectors set to one) and
percentage of the total variance has been included. Blue time series is the Dipole Mode
Index and red time series is the El Niño 3.4 Index.
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Figure 6.13. (a) The Ganges-Brahmaputra river system showing the two locations where
river runoff was estimated and (b) sum of monthly volume discharge (m3/s) at the stations
denoted in panel (a).
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CHAPTER 7
CONCLUSIONS
This research explores upper ocean circulation in the Arabian Sea spanning a
variety of spatial and temporal scales. Surface currents in the Arabian Sea respond
strongly to the changing low-level monsoonal winds, which intensify during the summer
monsoon season from June through September. During this time, a jet develops (referred
to as the Findlater Jet) over the western Arabian Sea, directly above the Somali Current
region and extends northeastwards towards the Indian subcontinent across the central
Arabian Sea. The Somali Current is the only western boundary current in the world’s
oceans that reverses twice annually and is associated with unusually strong eddying and
annual features such as the Great Whirl, Socotra Eddy, and Southern Gyre (Figure 2.1).
Thanks to the advent of research-quality satellite observations, this research analyzes
these eddies over multiple decades, finding interesting changes in how the dynamic
response of the upper ocean waters of the Arabian Sea respond to variations in
monsoonal forcing.
In the Arabian Sea, anticyclonic (clockwise-rotating) eddies are associated with
local maximums in sea level anomalies (SLA) and cyclonic (counterclockwise-rotating)
eddies are associated with local SLA minimums. Satellite altimetry provides high-quality
measurements of SLA from 1993 to present day and is a cornerstone of this dissertation
work and observational eddy research as a whole. Chapter 2 of this work compares the
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most robust eddies in the Somali Current region during strong, weak, and normal summer
monsoon seasons. The strength of a summer monsoon season as defined by the Indian
Institute of Tropical Meteorology (IITM, India), is measured by anomalous rainfall over
India with respect to the 1870-1990 June-July-August-September mean. If a year’s
seasonal rainfall exceeds 10% more (less) than the seasonal mean, it is a strong (weak)
summer monsoon season. All other years are categorized as having normal strength. The
increased rainfall in strong monsoon seasons is typically due to an intensified Findlater
Jet, which directly results in stronger upwelling along the Somali coast, and this is clearly
seen in the year-to-year comparisons of sea surface temperatures in the western Arabian
Sea. In Chapter 2, it is found that strong summer monsoons show a higher frequency of
high-amplitude (>20 cm) eddies in the Somali Current outflow region. During the
summer monsoon, the Somali Current is relatively fresh compared to the rest of the
Arabian Sea, which is due to its source waters. The westward-flowing South Equatorial
Current feeds notably fresh waters from the Indonesian Throughflow and Bay of Bengal
across the Indian Ocean. When this current approaches the African coast, it splits into
northward-flowing and southward-flowing branches, the former of which becomes the
Somali Current. When the Somali Current strengthens in strong monsoon seasons, an
increased inflow of low-salinity waters is found to cause an anomalously fresh Arabian
Sea. It is also found that there is no notable latitudinal shift of the Southern Gyre under
varying summer monsoon conditions, likely due to its topographical constraints.
To explore all mesoscale eddies in the Arabian Sea, Chapter 3 applies a novel
eddy tracking algorithm that has been shown to identify fewer false eddies than
previously used methods (Chelton et al., 2011). The algorithm finds local SLA extremes
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and tracks them from generation to dissipation, using SLA measurements and the
associated geostrophic currents to find dynamic characteristics such as amplitude, radius,
and eddy kinetic energy. While the Somali Current region consistently has the highestamplitude (and largest radii and highest eddy kinetic energy) eddies, most of the eddies
are in the northern Arabian Sea and offshore of the Arabian Peninsula. Peak eddy
robustness is noted during the summer monsoon season. The algorithm is able to
effectively capture the characteristics of the Great Whirl over the 22 years of study and
noted substantial year-to-year variability of its development location with respect to its
climatological position.
Fortunately, the satellite era is not restricted to exclusively altimeters, as various
sensors on domestically, internationally, and jointly funded satellite missions permit for
global coverage of other parameters such as sea surface temperature and sea surface
salinity. Chapter 4 further investigates the temperature and salinity characteristics of the
eddies detected in SLA using NASA’s Soil Moisture Active Passive (SMAP) mission,
the Advanced Very High Resolution Radiometer (AVHRR) measurements, and Argo
floats for mixed layer depth, mixed layer temperature, and mixed layer salinity. Surfaceintensified anticyclonic eddies have maximum isopycnal deformation at the surface and a
domed subsurface shape with an opposite structure for their cyclonic counterparts. This
research finds that eddies in the Arabian Sea are primarily surface-intensified rather than
subsurface-intensified based on their temperature and salinity characteristics, with a
strong dominance of warm, fresh anticyclonic eddies and cool, saline cyclonic eddies.
Additionally, this work is able to provide insight into the composite eddy structure to
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better understand how each circulation type of eddy impacts local stratification in the
mixed layer, particularly in the Somali Current region.
The impact of features such as eddies and fronts on the mixed layer variability
throughout the Arabian Sea is explored in Chapter 5 using HYCOM to better identify and
investigate the impacts of sub-mesoscale features in the uppermost layer of the ocean.
HYCOM has a 1/12° horizontal grid spacing, which is much finer than the current
altimetric observations of 1/4° horizontal grid spacing. The future launch of NASA’s
Surface Water Ocean Topography (SWOT) mission in 2021 will provide satellite
observations of ocean topography at 2 km resolution, which is more than ten times finer
than present observations. To prepare for the high-resolution future of observational eddy
research, Chapter 5 compares mesoscale and sub-mesoscale features in the Arabian Sea
during strong and weak summer monsoon forcing. When the eddy tracking algorithm is
applied to HYCOM SLA fields, a higher number of smaller eddies (in terms of radius and
amplitude) is detected due to the higher resolution. Interestingly, the number of submesoscale eddies was much higher during the weak monsoon conditions than the strong
monsoon conditions. This is confirmed temporally and spatially, with higher eddy
development throughout the two identified regions of high eddy activity: the Somali
Current region and along the coast of the Arabian Peninsula. A complete analysis of
atmospheric and oceanic influences on mixed layer depth in this work finds that the
primary forcing of summertime mixed layer deepening is due to wind-driven vertical
advection and the secondary forcing (which was more locally influential, particularly in
the western Arabian Sea) is due to mesoscale and sub-mesoscale eddies and fronts. A
mixed layer heat budget in the western and eastern Arabian Sea during both types of
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monsoonal forcing confirms these conclusions, as does a vertical cross-section of
subsurface temperature and salinity characteristics with depth spanning the full Arabian
Sea basin. The high wind forcing in strong monsoon seasons reveals more large-scale
eddies (consistent with the results of Chapter 2), but during the weak monsoon season,
the wind forcing is not sufficient for the development of such robust eddies, resulting in a
higher frequency of sub-mesoscale activity.
To understand how the characteristics of these eddies (and the region as a whole)
have changed over longer time scales, a decadal analysis of volume and salt transports is
throughout the Indian Ocean in this research. In Chapter 6, the major water masses that
influence the northern Indian Ocean are explored: the Arabian Sea high-salinity water
mass, the Bay of Bengal, the exchange region between the two basins, and the Indonesian
Throughflow region. As sea surface salinity in the world’s oceans (particularly in the
open ocean away from riverine discharge) is closely related to changes in the
hydrological cycle, decadal changes in evaporation rates, precipitation rates, and the
difference between the two are investigated. Evaporation-dominant regions tend to have
higher salinities while precipitation-dominant regions are relatively fresher. Decadal
trends in evaporation, precipitation, and the difference between the two reveals
increasingly precipitation-dominant conditions over the Bay of Bengal and increasingly
evaporation-dominant conditions over the Arabian Sea and much of the southern Indian
Ocean (which is why the southern Indian Ocean is a salt exporter into the Southern
Ocean). This research finds some compensation of fresh and salt waters into both basins
of the northern Indian Ocean in depth-integrated salt transports to the hydrological cycleinfluenced changes in sea surface salinity. The highest-magnitude statistically significant
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trends (within a 95% confidence interval) in salt and volume transports are along the
zonal equatorial currents and Somali Current Region in HYCOM and SODA,
respectively.
To best approach future studies of upper ocean dynamics in the Arabian Sea,
advancements in observational and modeling data are critical. NASA’s SWOT mission is
just one example of planned satellite missions designed to improve upon the current
spatial resolution of satellite observations to see finer-scale features for the first time. To
better align what we observe in the real world oceans with dynamical consistency and
genuine understanding, strides must be made in the field of land-atmosphere-ocean
coupled modeling, particularly in regions with unusually intense air-sea interactions such
as the Arabian Sea. The moisture required for heavy monsoonal rainfall during the Indian
summer monsoon is sourced from the Arabian Sea, so improved prediction of air-sea
interactions in this region and how it varies on sub-seasonal, annual, and decadal
timescales are essential for improved prediction of a phenomenon that impacts the daily
lives of well over a billion people. Improved understanding of the coupled oceanatmosphere system in this region is necessary for better preparation of flooding or
drought conditions. Year-to-year changes in the monsoon can cause flooding, drought,
famine, and diseases, all of which affect regional economic stability. The monsoonal
ocean state is critical in determining the strength and intensity of the monsoon season and
future work in this region will apply the most advanced techniques and available data to
better understand its complexity.
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